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An engineering extension course having the same title as this book
was given in the spring of 1955 at the University of California in Los
Angeles, San Diego, and Berkeley. The course, consisting of a series of
lectures by prominent engineers and scientists, proved very successful,
having a total attendance of 735. Its purpose was to review for engineers and management from business and industry the present status of
developments and applications in the field of automation. It is hoped
that publication of these lectures in book form will supply for a much
larger audience a wealth of information and details on the fundamentals of automation, new developments in automation techniques, and
descriptions of automation systems applications. Each author in answering the questions "What is new?" and "How is it used?" has reviewed automation developments in his special field with liberal use of
examples. By having many participants, a broad coverage has been
attained; and although the treatment is general rather than technical,
much detailed and valuable information is included.
The course was organized to show how the fields of feedback control
theory, instrumentation, analog and digital computation, and data
processing are now becoming integrated as automation is applied on a
broad scale to control systems that encompass the range from top management to individual machines. Emphasis was placed on new developments and applications of control systems that can perform both
complex control functions and data processing. As a result considerable attention is devoted ~o electronics, computers, and data processing.
vii
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Components are treated early in the series and systems later. The sub.iect sequence for publication is the same as for the lecture course; the
book may therefore be used as a text for similar courses.
The concept of a course of this type came about as a result of organizing material for a Handbook of Automation, Computation, and Control, which Simon Ramo, D. E. Wooldridge, and I are editing. Dr.
Ramo first proposed the course to Dean L. M. K. Boelter of the College
of Engineering, Los Angeles, University of California, and under his
general supervision a committee was set up to plan the course. This
committee included members of the faculty of the University of California at Los Angeles and Berkeley and interested people from industry. Simon Ramo served as Chairman; others were J. L. Barnes,
L. M. K. Boelter, S. Lee Cahn, J. C. Dillon, E. M. Grabbe, Earl Jones,
M. P. O'Brien, T. A. Rogers, L. G. vValters, Ernest Wade, and D. E.
Wooldridge.
I was requested to coordinate the course an,d edit the lectures for
publication, and arrangements to publish the lectures were made with
John Wiley & Sons, Inc., which will also publish the Handbook. The
arrangements concerned with giving the course were handled by J. C.
Dillon of the Engineering Extension and his staff;
In writing on a new subject such as automation, each author feels
compelled to give his own definition and views on the development of
automation. This results in some repetition but serves as a springboard
for the author's treatment of the subject. Uniformity of style and
level of discussion cannot be attained in a volume having so many
authors. In many instances the authors have covered more material
than it was possible to present in the delivered lectures. S. N. Alexander delivered the lecture· on "Input-Output Equipment," and W. F.
Bauer prepared the chapter 'on this subject. The chapter on "Automatic Control of Flight" was written by D. T. McRuer; the lecture was
given by A. C. Hall. B. S. Benson and G. G. Bower are joint authors
of the chapter on "Analog-to-Digital Conversion Units"; the lecture
was given by B. S. Benson. Dean Boelter has kindly provided an introduction entitled "Reflections on Automation."
I am grateful to Dean Boelter for giving me the opportunity of editing this lecture series for publication. The lecturers and authors have
been very cooperative in preparing material in accordance with the
course objectives and in completing the manuscripts. I appreciate the
work of Mr. Dillon, Mrs. Park, Mrs. Virginia O. Grant, and Dr. J. F.
Manildi in making this course a success.

E. M.
January 1957

GRABBE

Fo.-e'Word

Modern engineering is becoming more and more concerned with the
development of large and complex systems for business, industry, and
military uses. Automatic control devices and automatic data-processing machines of great flexibility are essential ingredients of such systems, which cut across traditional engineering lines. Engineering developments in one field may have application in another field, so that
it is more than ever necessary to provide information flow between
management and engineering as well as between the various fields of
applied engineering.
,
To this end the Departments of Engineering, University of California, Los Angeles and Berkeley, arranged a lecture course designed
to provide up-to-date information on developments in automation.
The series consisted of invitation lectures presented by nationally
prominent engineers and scientists from industry, business, and universities.
We are pleased to share this stimulating experience of the Automation in Business and Industry lecture series with 'you, the reader,
through the pages of this book.

L. M. K. BOELTER
Professor of Engineering
Dean, College of Engineering
University of California
Los Angeles, California

M. P. O'BRIEN
Professor of Engineering
DeaIl~ College of Engineering
UniverSIty of California
Berkeley, California
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Int.·odnction:
Reflections
on AlltolDation
L. M. K. BOELTER
University of California
Los Angeles, California

HISTORICAL DEVELOPMENTS

The trend toward automatic operation of machinery and processes,
indeed the control of all equipment in which motion exists, has been
hastened by the attempt to eliminate drudgery from the contribution
of the labor component of industry, as well as by the phenomenal
developments in instruments, computers, and control devices, both
electrical and mechanical, and the inability of man to manually control the product (in its intermediate or final forms) at the greater
speeds and complexity resulting from mechanization. The word
"automation" stems from "automatization," which is difficult to pronounce and spell-thus the simplification (1).
The transfer of energy, matter, and intelligence and their transformations within and across these three divisions of nature has occupied man from his beginning. The control of the transfer and transformation processes rested within the human (and other life forms)
for a long period of time. During this long period, the power available
to man per human "controller" increased (through the use of groups
1 From an address presented at the Symposium on Electronics and Automatic
Production, jointly sponsored by the National Industrial Conference Board and
Stanford Research Institute, San Francisco, California, August 22, 1955.
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of men, for instance, manning the oars of a ship; through the use of
other natural forces, such as the aerodynamic force on a ship's sail;
through the employment of animals as sources of work, their use as
beasts of burden and as draft animals).
The domestication of plants and trees (and animals) is also a
manifestation of man acting as both a "programmer" and a "controller." Because the early farmer programmed and controlled a segment of the ecological cycle in the face of the uncontrolled and unpredictable forces of weather and of animal intrusion, his stature
probably increased rapidly.
The transfer processes available were increased (wheel, combustion,
controlled flow of water, and others), but their control for ma:n's
benefit rested within the nervous system of man. From another point
of view, automation may be considered as removing certain of the
elementary control tasks from man and accomplishing them through
"external" mechanical and electrical devices.
To summarize, the first step in mechanization was to relieve man
of certain of his power-generating duties, and the second was (and is)
to relieve him of certain of his mental tasks and the related physical
tasks.
Relieving the human of tasks (and the corresponding responsibilities)
is in itself not a blessing. There are, however, many substitutions for
required tasks (especially those that are repetitive) which can be made
at the initiative of the individual and which will result in a richer
life for him and for the society of which he is a member.
The functions of control and of producing work are closely interrelated in man both physiologically and psychologically. Certain
curious intermediate steps in the automation sequence have resulted
from this carryover. The whip socket on early automobiles, imaginary
robots which resembled man physically, the first incandescent-bulb
glass-blowing unit which simulated the sequence utilized by the human
glass blower are cited.
Automation in the ultimate implies that a sequence beginning with
an input (say, raw material) and proceeding to an output (say, a
finished product) of predetermined properties and characteristics will
be accomplished without human labor or direction, other than to design
the equipment and the process, initiate and stop the sequence, and
repair and maintain the equipment. Brunetti (2) correctly states
that no development is underway or is anticipated that will make it
possible' for industry to operate without workers: Two bases are
cited: first, the higher-level administrative decisions must be made
by man; and second, man can often, for certain types of tasks, produce
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more work per unit cost (with the implication that the activity is not
deleterious to health or well-being) than the machine.
The "higher-level decisions" will be made by man primarily because
he, through the exercise of his mind, possesses the only means of integrating and interrelating data for which rational formulations are
not yet possible or for which the formulation would be too expensive.
Referring to the second point of the preceding paragraph, there will
probably always exist situations in which spatial and temporal densities of transformations and of transfer processes will favor the use of
manual labor. The use of the human body for the creation of work
is natural and proper, subj ect always to the limitations imposed by
the physiological and psychological requirements inherent in the characteristics of the individual and of his environment.
SYSTEMS ENGINEERING

The modern version of the technique of acquiring the behavior
characteristics of systems is called operations research or operations
analysis. The design of these systems (and the collection and formulation of the requisite data) has been incorporated into the discipline
called systems engineering. Techniques and disciplines are included
here that do not necessarily find themselves in the curricula, courses,
texts, and literature of engineering. Engineering, to a large extent,
has in the last fifty years concerned itself more intimately with the
components (or elements) of the system rather than with the system
itself.
One of the segments of systems engineering is the optimization of
the particular sequence which defines this system (including its boundaries and the "flow" across them) for cost, time, materials, and
men (3). Optimization with respect to man cannot be performed
analytically but, for that reason, cannot be eliminated as a design
desideratum. Design of the automated system must include considerations of the effect on all men who are an integral part of the
system (customers, workmen, supervisors, stockholders, families of
members of each group, etc.), and their relation to this system must
be optimized in a manner similar to that utilized for the nonautomated
system.
Another aspect of the problems of systems engineering is that they
often lie across boundaries of units established in our society. The
size of the subunits of our industrial society and their characteristics
and interactions introduce difficult problems for which little data exist
and which are not necessarily the immediate concern of anyone of the
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subunits. For instance, air pollution cannot necessarily be considered
to be the responsibility of the operators of" factories, the individual
drivers of automobiles, and/or others. Too often the responsibility
for the solution of the "horizontal" systems problems is accepted by
government through default. The basic data for solution as well as
for enforcement may not be available. Thus the character of government is being changed through, the acceptance of the newer horizontal
tasks (our forefathers included as 'governmental responsibilities those
tasks of the same kind which were then pertinent). Automation will,
in my opinion, still further complicate the tasks of government unless
additional and possibly new forms of private enterprise are conceived
and established.
SOCIAL IMPLICATIONS

The introduction of automation has been designated as a second
industrial revolution by Wiener (4) but has been revealed as a gradual
and an old process, with the nervous system of man as central, by
Brunetti (2). The point to be made is not that these are opposing
views but that an acceleration in the automation of industrial processes
is possible, if economical, and is often necessary for safety considerations, through the substitution of electrical and mecha'nical sensors
and effectors and the use of computers. The effect on managers, workmen, their dependents, and on society will be good or bad, depending
on the rate' of introduction of automation; the manner ,in·.which the
introduction is related to the existing mores, regulations, etc.; the extent to which long-range plans have been developed; and finally the
extent to which the knowledge of the impending events has been disseminated.
For example, one characteristic of our present soeiety is the mobility
of many members thereof. However, mobility tends to weaken family
and group bonds and, if carried too far, can and does threaten the
stability of communities and states. Thus the rate of introduction of
automation, if it' causes men to seek other forms of employment in
other places, should be accomplished in consideration of the forces of
population mobility.
On the other hand, if automation will result in the same or greater
employment levels but will require that many employees change their
jobs and vocations, a reasonable learning and adaptation period should
be anticipated; A change from physical tasks to supervisory or "white
collar" tasks will often cause difficult if not impossible adjustments;
again repair and maintenance tasks do not always have the appeal
,that results from a contribution to a new commodity. Repair tasks, on
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the other hand, involve a degree of detective work (trouble shooting),
which is an exercise of the logical process and is therefore more appealing to certain men than repetitive tasks such as assignments on an
assembly line.
Automation can be applied to small operations and thus may become
a positive force in population dispersal. Needless to say two devices
introduced within the last half-century, the automobile and the telephone, have not been utilized by man to affect or maintain dispersal.
Steinmetz, in the 1910's, proposed the small unmanned automatic generating station as a part of a power network to utilize more completely
the first-order power potential of our water resources. The point to
be made is that automation may be utilized as a force of dispersal or as
a force of concentration and that the decision about the sign of the
force lies outside the automation program.
EDUCATION AND AUTOMATION

A very important contributory item of our society is the demonstrable skill that has been acquired by each individual. These skills
may be divided into two classes, mental and physical. In certain classifications of tasks there has been underemphasis on the mechanism of
transfer of these skills. In the first place, the incentive for acquisition
may not exist, and, in the second place, the formulation for effective
teaching (transfer) has not been accomplished.
The difference between teaching methods employed in a master-pupil
relationship and those employed in the teacher-student relationship
requires much investigation and attention. Frequently the area of
teaching between instruction for skills required in the crafts and instruction leading to professional engineering has been neglected.
Broadly, we may distinguish these two bands of technical instruction
by the phrases training-for-the-job and training-for-the-profession.
Both bands should contain a strong overlay of general education.
The purpose of the discussion above has been to raise the question
whether automation will cause still further maladjustments in the
learning and educational process. For instance, the 'child may feel
that he does not need to know arithmetic because the computer will
solve all arithmetic problems for him, or that man will cease to walk
and substitute sitting (a most unnatural position) for standing, the
latter being the zero limit of walking and requiring some of the same
muscles.
In the opinion of the writer, no psychological (including educational)
and physiological problems need arise on the introduction of automa-
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tion if the proper precautions are taken at all levels and in all parts of
our social structure.
PRODUCTION AND DISTRIBUTION

Automation will tend to reduce the rate of consumption of our
natural resources, if only because automation usually forces a change
in the direction of decreasing entropy increase in the system and/or
process. But, in addition, an increased awareness of the problem of the
finite extent of our resources and the almost unlimited absorptive
capacity of the world population for the products derived from these
resources will be a result of the analyses which underlie design for
automation. Needless to say, the present rate of consumption of the
natural resources of the world deserves the utmost attention.
The distribution function and its correlative service sub functions of
our industry present an interesting situation consisting of high-speed,
apparently efficient operation; but when it is viewed, for example, from
a point of concentration (5), both in material and time, of heterogeneous materials, an astounding improvement is seen to be possible.
The ratios of retail selling prices to the costs of production (including
the costs of raw materials and all costs to the "factory door") reveal
the magnitudes of the improvements that can be effected. Although
automation is often thought, in the first instance, to be applicable to
production, the point will be made that it can serve (and has served)
the distribution function admirably, even if applied in the most elementary manner.
The first contribution to the distribution function can be made by
facilitating the flow of information. The development of an information flow system involves at least three important considerations: (1)
minimization, in,cluding selection, of information to be stored and/or
transmitted; (2) timing of the transmittal; (3) accuracy of transmission process (a minimum increase of entropy).
The normal tendency as instrumentation and computers become
available is to obtain "too much" information. Thus a relatively new
discipline must be further developed. The distributed selective process
of the ages is not availiable to us in this connection to aid the selection
of the "classics." Also, the distribution of information is a two-way
process. In a given organization and throughout society a studied
effort must be made if all facets of pertinent information are to be
available to those who participate in the contributing events.
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The transport of man and goods must be attacked as a problem 'of
systems engineering with a view to decreasing the time and cost of
transport and increasing its effectiveness.
One general problem is the provision of alternative methods and
paths that will keep a system operative although a temporary local
dislocation has occurred. The design (which includes economics) of
such systems including a temporary alternate or alternates deserves
thorough analysis for both the production and distribution functions.
The operation of a production line dr of a freeway are examples that
have pertinence here.
Automation will require the expenditure of large sums for system
(including process) redesign as well as for the design of the automatic
features. The accumulated man-energy required translated into capital investment can readily serve as a barrier to change and the consequent industrial progress. Already there appears to be evidence that
there exists a considerable negative force to rational "advance or
change" in commodity items which are mass-produced and/or widely
advertised.
CONCLUSION

All technological developments can be used by man for good or for
evil. Degrees of good can also be identified in terms of the character
of the utilization of the developments.
The manner of utilization and the rate of introduction are ultimate
decisions that can only be made after thorough study of all facets of
the social impact of the developments. In general, for the larger
aspects of automation, the decisions will require "horizontal" organizations (often temporary in nature) in which all parties, groups, and
individuals concerned will contribute to the data, its analysis, and the
distribution of the resulting information. Through the use of this device, or a better one, automation can be made a force for momentary
and ultimate good.
The predicted "second" industrial revolution will then be a gradual
acceptable industrial evolution (a significant part of which we are
witnessing as contemporaries). Such can be the process of automation
provided we act wisely, basing all decisions upon the accumulated,
properly formulated, knowledge of past experiences (in particular
those of the "first" industrial revolution) and then extrapolating the
conclusion into the future, modified by such changes as characterize our
present society and its attitudes in terms of its antecedents.
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AutolDation in Business

SIMON RAMO
The Ramo-Wooldridge Corporation
Los Angeles, California

1.1

THE PRESENT STATUS OF OUR TECHNOLOGY

It is becoming a commonplace these days to hear that we are engaged in a second industrial revolution, the era of automation. This
time it is not man's muscles that are to be replaced and extended, but
rather man's brains. More specifically, what is meant is that in business atid in industry the functions accomplished by people are going to
be accomplished more and more by complete networks of complex automation systems, including a host of devices spanning large geographical
distances and broad functional operations. These sy~tems will employ
what might be called "synthetic intelligence" devices that replace or extend man's brains and senses in a wide variety of the pursuits in which
humans are engaged. And anyone who is foolhardy enough to challenge the idea that the replacing of man's brains will be the top industry in the nation some years hence is in danger of having his brains
among the first to be replaced.
It is easy to see why there is so much talk about another industrial
revolution. Nucleonics may give us even greater sources of energy to
control, advances in medicine may decrease disease and increase longevity, but neither of these occurrences suggests so radical a change in our
9
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civilization as the advent of the mass production of automation devices
that can compete with the human brain and senses.
There are some important reasons why something like this can be
expected to happen, and there are some important reasons why it will
not happen overnight. Indisputable forces are pushing toward rapid
and wide development of automatic systems for filing or remembering,
sorting, computing, comparing, decision making, and all the other functions usually performed by people.
First of all, the times are technologically right for the development
of synthetic intelligence devices for automation. There are scores of
aids to business and industry and transportation that present technological art is capable of providing without a single new discovery in
basic science. It would be possible for engineers today,' on the basis
of known pure science, to design and produce devices that could displace a very large fraction of the white-collar workers in business and
industry who are doing jobs in which the proportion of their intellectual capabilities used is rather small. These people are engaged in
routine paperwork or routine intelligence transfer assignments which
can be reduced to simple equivalent thought processes that electronic
machines can and do handle better and faster.
Moreover, modern technology has advanced to the point where it is
possible for instruments to be designed to measure continuously various
conditions and phenomena important in industrial processes and operations. These measurements can then be compared with previously
set values, and automatic controls actuated to bring the process or operation closer to the desired condition. A very much wider range of
automatic control could be provided in almost every business ~nd industry by utilizing the electronic techniques and components now
available.
A perfect example of the status of scientific and engineering art is
the military. Fo~ various reasons, the military today has a tremendous need for synthetic intelligence devices. To understand this, we
need only to consider the enormous importance of control of the air,
both to safeguard our own country from enemy bombardment and to
make possible retaliation. With tremendously increased speeds and
the need for operation under all weather conditions, it has become necessary for the military to consider guided missiles in which the human
pilot is omitted and the problem of destroying the enemy in the air is
left to electronic brains which will guide the missile-carrying airplane,
find the enemy, close in on him, predict where he will be despite his
maneuverings, and destroy him. For such an operation, the electronic
brains must have memory, stored intelligence, the ability to compute
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and make decisions at high speeds, and the ability to control aircraft
on the basis of the decisions. Machines with these capacities are being
developed for the military today because our basic science permits it.
The engineering art is developing, in other words, without having to
wait for another Einstein to come through with a second and more complex theory of relativity.
The most important ingredient of modern military technology is probably not, as is so commonly supposed, the availability of even more
powerful explosive powers contained in a single bomb, but rather the
trend of operational war toward more and more complex automatic
integrated huge systems. Military applications demand that the available science be reduced to engineering applications in a period of several years. Business and industry usually take a longer period in reducing new ideas to practical applications, but they are benefiting
greatly by military know-how which is released to them.
1.2

THE NEED IN BUSINESS AND INDUSTRY

In an important way, business and industry in America today are
ripe for the present surge in automation. Business and industrial organizations are complex and are rapidly becoming even more complex.
Instead of hundreds, thousands and, tens of thousands of individuals'
activities are now in need of close coordination to make for a successful
industrial operation. This necessitates a tremendous amount of red
tape and paperwork.
Whether the operation is an air line or factory, an insurance company, a bank, or a department store, everyone is conscious of the enormity of the red-tape problem. A larger and larger fraction of the
personnel seems to be engaged in moving information, papers, directives,
and plans about, and a smaller fraction seems to be engaged in the
substantive matters with which the business at first glance appears
to be primarily concerned.
These are some reasons why this revolution in the replacing of man's
brains in business and industry can be expected and is indeed under
way. Technologically we are at a point where great strides can be
made. The military situation in the world is sparking the program
and, in effect, is sponsoring and financing the development of techniques that will have application to nonmilitary systems as well. The
growing size and complications of business and industry, and the effect of relationships with government and with labor, increase the need
for these devices. Accordingly there is a demand to get on with the
job of producing new automation devices and a~tomation systems.
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Merely to refer to what is happening as' a ~second industrial revolution is an oversimplification that is 'about as wrong asitis right. Per;.
haps, more accurately, it is that, having passed strongly into the age
of the utilization of our increasing knowledge of nature, we have suc:"
ceeded in making a highly technical world. The more technical the
world, the more complex all of its operations become in so far as interaction, speed, and controls are concerned. Whether we fight wars or
whether we try to supply each other with all of our dem~ndsin a
peacetime economy, we are advancing so rapidly that the orderly control of the operation is getting beyond us, unless we can increase the
effectiveness of our population, not so much any longer by more hands
and power, but by more brains and senses,_ even if the artificial brains
and senses are in many ways highly inferior to those with which the
average human is endowed.
1.3

TECHNICAL PROBLEMS

Suppose, for the sake of argument, that some years hence we really
make a maj or change in the way American business and industry operate, and then we examine the whole operation and compare it with what
we have today. We might discover that 50 per cent of, all of the white'collar workers of the United States were engaged in performing different
functions as a direct result of the machines' having been brought in to
perform some of the functions that people do now, reserving the human
workers for a higher type of activity on new projects, and perhaps a
more leisurely workweek. We have only to consider the number of
workers and the number of machines this implies to realize that what
we are talking about involves many billions of dollars in new and complex equipment. Such a development would dwarf, for example, the
present telephone system or the present television system, including the
,home receivers in the nation. It cannot come about without a great
deal of standardization of parts, and this iIi turn cannot come about
without our understanding the interrelationship of all of these func~ions of business ,and industry with practical engineering possibilities.
It has taken many, many thousands of man-years to bring into being
our telephone system, our power system, our transportation system.
Although such a maj or development might be theoretically possible
from the standpoint both of science and economics, it is going to re~
quire a great deal of high-grade. systems engineering; and, since systems engineering is in very short supply in the nation, it is going to
mean the training of scientists and engineers in substantially different
disciplines. The mere relationship of people to the new systems will
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be a subj ect requiring a great den;! of serious, careful scientific attention for many years before it will be understood well enough for the
practical widespread wholesale adoption of techniques that will radically change the operations of business and industry in regard to their
use of people.
There is today in the United States a shortage of scientists and engineers. This is particularly true if we speak of the development
engineer, the research scientist, the originator-the high caliber scientific worker able to originate the very new. From men everywhere-industrial leaders, military leaders, government spokesmen, university
presidents-we hear of the alarming shortage of able technical people
in comparison with the nation's needs, and this situation is expected to
remain the same for some years before it can possibly be changed. The
importance of this shortage in the automation field is, in my opinion,
as great if not greater than in any other field to which the applied
scientist could devote himself, for the difficulties and the size of tne
problem are second to "none among the technical problems of the day.
So we must create during the next several years new kinds of engineers and scientists. When the revolution has finally taken placewhether it be in five years, which I say is too optimistic, or in twenty
or thirty years, which is closer to the truth-we shall note that the
universities are graduating control engineers and synthetic-intelligence
experts who are products of an entirely new curriculum which combines
the study of the human brain, physiologically and psychologically; the
physical sciences and mathematics; business, industry, and economics;
and the requirements of government rules and regulations.
A shortage of scientists and engineers, the need for a host of new
developments, the strong emphasis on the systems problems as against
the development of specific specialized components, all of these factors
tend to work against the development of automation on a large scale.
The net result, of course, will simply be that the field will develop as
rapidly as it can,and the pace will be such that at least most of those
who are reading this book will be able to notice the development as it
progresses. It will not occur one night during some hour lost in changing over from daylight to standard time.
1.4

NEW TOOLS FOR AUTOMATION

There are two fields involved in the automation area. One of them
is process control in the factory. The evolution of the automatic factory will be gradual. New developments will provide unusual precisionmeasuring devices and computer devices to monitor the process, adapted
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to the particular job. It would be foolish to provide, for those narrow
applications, involved electronic brains that have broad powers. So the
brains will be specially geared to special jobs.
The second maj or field of automation devices might be characterized
as business data handling-the handling of paperwork in large organizations, whether it be inventory, production controls, customer's bills,
invoices, or credit accounting. The problems encountered concern
memory, sorting, and simple computations in general. The goal here
is the development of huge standard systems that are logical and reliable and will not break down. With sufficient study of both the businesses and the electronic techniques, we shall evolve general solutions
that will have wide applications. Standard black boxes will be cabled
together; the situation will be entirely similar to that of our telephone
networks, in which it has gradually become possible to design standard
equipment that is reliable despite the millions of input and output
points.
If we are to attempt in this book to provide the reader with some
appreciation of the scope of this field, then of course we must be sure
that we cover its main aspects. In particular, we must be certain to
show that we are involved not just in the design of gadgets that record
something previously written down, or that sense something in a physical process previously handled entirely by human beings. We must
include the larger-scale aspects of data handling of large complex operations and of interactions and intercommunications among the elements of the system.
When we begin to focus our attention on these larger engineering
problems, we find that certain tools are quite indispensable. We must
inevitably learn something about feedback, information theory, statistical and random phenomena, digital computers, and data handling.
Feedback is regarded by many as the most fundamental concept in
this field. To illustrate, let us take an exceedingly simple business,
that of a newsboy selling papers on a street corner. If the boy tries
to be quantitative about his operation, he will tend to obtain for his
initial supply a number of papers that will bear some relation to his
expected sales. If he sells far fewer than he planned, the difference is
going to be used by him as an indicator of the number of papers he
should obtain the next day. He could easily place so much emphasis
on this profit indicator (i.e., have his gain set so high) that, if he undersells a few papers, he becomes concerned about the surplus and the
next day orders very few papers. Then he may find that he cannot
begin to supply the demand, whereupon on the third day he may order
an even larger number than the first day and then have even more
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left unsold. This could bring him to such an impasse that on the
fourth day he may ask for no papers at all and for all practical purposes be out of business.
It is difficult to imagine any process not involving feedback that is of
finy interest to us in business and industry. The thermostat of a
house is often used as an example of "closed loop" feedback control.
Suppose that we deliberately design an "open loop" temperature control for a house. To do this we would estimate the average amount of
heat the house ought to have during the winter months and fix a time
cycle to turn the heat on and off. The observed result, of course, will
be that during the winter it will be either too hot or too cold some
fraction of the time, even if we are very competent in our estimating.
When it is too hot, the people living in the house are likely to open
the windows and let the heat out. When it is too cold, since they are
not able to do anything about the furnace, they will put on more
clothes. In effect, they are going to take actions based on the difference between what the temperature ought to be according to their indi- .
cators, and what it actually is, i.e., they will develop a new feedback
loop to control the situation.
With feedback control, of course, we have the possibility of instability, oscillations, runaways, and overshooting. The problem becomes
more complex as we relate a large number of factors. Let the newsboy
attempt to gage the number of papers to be ordered, for instance, by
noting not only the difference between the number he ordered and the
number he sold on any specific day, but also whether the day was a
rainy one and whether some startling news event was reported. Feedback and instability are part and parcel of complex systems, and they
are hardly a specialized and narrow characteristic.
In a similar way, we cannot expect to understand and design for automatic control of an operation without being able to be quantitative
about the amount of information that must be handled. Modern communication theory has made it clear to engineers in that field that information can be given quantitative definition, and this becomes an essential parameter in the design of communication systems. But it goes
further than communication. If we are storing data, or if we are developing a system for human operators in which they record facts to
use later, the system that is set up is very much a function of the
quantitative nature of the information that is to be stored. The old
problem of how many weighings are necessary to pick the one bad
penny out of twelve illustrates this well. The average person confronted with this problem would go through a trial-and-error operation, and when he finished he would not be certain whether he had
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arrived at the minimum number of weighings. The information theory
expert applies a simple formula and knows that three weighings should
be sufficient to select the one bad penny out of twelve.
If we wish to design systems that take stored information and can
continuously generate new data and arrive at logical conclusions in
accordance with preset rules, we soon find that such design is hopeless
by trial-and-error method and we must use symbolic logic or its
equivalent.
Random and statistical phenomena must be understood by the engineer who would involve himself with complex systems engineering
design. First of all, it is true that, in dealing' with large-scale operations, we cannot expect to measure everything with absolute definiteness. We must deal with probabilities. Some of the basic parameter
data will be given in the first place in terms of probabilities-that is,
we can only know some statistics or make some assumptions about the
probabilities of certain aspects of the whole operation, and all we ask
in the performance of the system is that it achieve' certain probabilities
of certain results.
There are two concepts to distinguish here. One is statistics of the
kind that the insurance companies have caused us to be familiar with ..
These statistics deal in terms of average life expectancy, average percentage of women who are blondes, etc. Here we are thinking primarily
in terms of specifying initial conditions or answers in terms of these
probabilities. The other concept has to do with accuracy and noise.
Noise is often used as a popular term for the errors in the system and
its parts-human operators, machines, communication links, storage
devices, and instruments. All will have errors. These fluctuations
bounce around a system, sometimes adding, sometimes subtracting, but
always putting any observation on a system in some measure of doubt
and always interfering with the overall performance. Oftentimes in
design we must assume or experiment to determine the average level
of the noise. Again we cannot expect to define the noise as a definite
quantitative signal. If we could, this would be the same as saying
that we do not really have any noise, for we can subtract or add to compensate for knovVIl disturbances. We can only then talk about, measure, and deal with the noise as a statistical phenomena, and a good
bit of the time we assume that the various noise sources are randomly
oriented with respect to each other.
It is obviously important to be able to design quantitatively with
respect to noise in a system, and it will affect a system in quite different
ways, depending on the nature of the function. NOIse in a guided
missile system in which the pilot is replaced by some synthetic device
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will cause the missile to miss at least some of the time. Noise in department store accounting may cause the wrong bills to be sent out or
mislead the purchasing agent concerning the inventory. Inaccuracy
in a bank's records is often considered intolerable. In any case, a
bank may be able to be satisfied with an error of one card in a million,
but not, if in listing its million accounts, the names and the monies are
shifted by just one place.
1.5

CONCLUSION

So great a part of what can be done arid what will be done in the
coming years and decades depends on the unusual flexibility and speed
of electronics technique~ that we certainly must become familiar with
certain aspects of the data systems. Accordingly, a glimpse at the
problems of automation from the standpoint of the overall systems engineering should afford us with an appreciation of the underlying physical and mathematical concepts, an inspection of some of the typical
apparatus and components, and finally a look at some complex systems.
Perhaps the most glaring shortcoming of today's art is our lack of
quantitative understanding of human beings as part of a complete
system that includes both the machine and the human being. If we
go to the other end of the spectrum, however, and look at devices and
embryo systems, we find that we are only in the beginnings of tailoring
smaller subsystems to specific tasks in business and industry. We do
not yet find it easy to extract the main qualitative and quantitative
concepts and patterns that should basically control design. We do not
yet understand business and industry very well in regard to how electronics might best be used. Weare designing equivalents for existing
systems or pieces of systems. We do not yet know very well what and
how reliable the economics of the new equipment will be.
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2.1

LANGUAGE AND MENTAL IMAGES

In general the object in establishing terminology is to translate a
mental image to language so phrased that it will re-create the original
concept in the mind of the reader. The image created by a definition
depends greatly on the reader's association with the words. A story
demonstrates very clearly the concept of a mental image associated
with a word. A schoolboy asked his father to tell him the difference
between the words "irritation" and "exasperation." The father replied, "It is hard to describe the difference in meaning of these words,
but I can show you." So he asked his son to pick a number at random
from the telephone book. The son did so, and the father proceeded
to dial the selected telephone number. A woman answered, and the
father inquired, "Is Maurice there 1" The woman politely replied,
"There is no Maurice at this number. I'm sorry, you have the wrong
number," and hung up. Whereupon the father dialed the same number
again and inquired, "Is Maurice there 1" This time the woman was
very curt in saying, "Young man, I recognize your voice, you called
just a few moments ago. You have the wrong number again. I am a
very busy woman. My husband is coming home any minute now and
I am getting dinner, so I don't want to be bothered any more," and
18
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hung up. The father said, "That is irritation. Now, son, I'll show you
what exasperation means." So he dialed the telephone number once
more. This time, when the woman answered, he said, "This is Maurice.
Any telephone calls for me 1" And thus a mental image of the word
exasperation is created.
The idea of a mental image is a very important aspect of terminology. Even with common words, such as democracy, education, production, each person pictures some aspect of the word with which he
is familiar. Such word images may have emotional content; that is,
they excite and stimulate the imagination of the individual. For casual
communication, this variability in interpretation is workable, but even
so frequently gives rise to difficulties in human relations.
In the rapidly expanding technical field of today, we find a rash of
new terms-automation, cybernetics, operations research-and the
mental images that these words may create can border on "science
fiction"-with all the promise they hold for future benefits, and the
concern they arouse for the changes which will come. Under these
circumstances the emotional content of such new words can be very
great. Although this does not preclude the usefulness of such words,
it makes their definitions more difficult. For people in science and industry, it becomes essential to narrow down meanings of words; otherwise much loss of time, manpower, materials, and facilities can result
from a misunderstanding of a few words or concepts. And, with the
advent of broad application of scientific technology to business and industry, the role of communication assumes greater proportions. Never
before have we been in a position when there were such strong crosscurrents between the office, the factory, and the laboratory. There is a
need for more understanding between the businessman, the industrialist, the engineer, and the production man. For one of the characteristics of the complex systems of today is that all of these people are involved, as Dr. Ramo has pointed out, in reviewing the mushrooming
growth of automation systems in business and industry. One of the
purposes of this book is to bring about a better understanding of the
basic concepts of automation to this broad segment of society. We
aim to accomplish this not only by definition of words, but by illustrations and practical examples.
Within the field of engineering alone there are complexities. The diverse fields of servomechanisms, feedback control, industrial process
control, computers, and data processing have grown up separately; each
has developed its own terminology. The convergence of these fields in
applied automation has led to the recent appearance of magazines such
as Control Engineering which in coverage cuts across all areas of en-

20

AUTOMATION IN BUSINESS AND INDUSTRY

gineering. This convergence has also led to conflicts in terminology
for which scientific societies are the only arbiters.
As an example of mental images in terminology, take the word "flipflop." A flip-flop is a computer circuit that has two stable states. The
circuit will remain in one state uritil a suitable signal causes it to
change to the other state. Other basic names fo'r this device are "bistable multivibrator" and "Ecles-Jordan" circuit-both are cumbersome. On the other hand, many. engineers thought that flip-flop was a
rather inelegant phrase. (Some patents on the subject make rather
comical reading in the manner in which the flips and flops of the invention are described.) As a result engineers in different laboratories
coined new words. "Toggle" is one example of a term being carried
over from the description of a two-position switch. "Trigger" is another term that was applied to this circuit, since the state of the flipflop can be changed by a signal which triggers it. However, although
these terms describe certain aspects of the flip-flop, they also have other
connotations, and so they fell by the wayside. Today "flip-flop" is the
accepted term, approved by terminology committees. It passes the
test of providing a good mental image of the function of the unit.
Another example is the word "address"-a computer term. In computing it is necessary to place numbers in storage for later use. This
requires knowledge of the location of a number in the storage unit, and
the word address is used to designate this. In this case there is a oneto-one correspondence in meaning. Since the word "address" carries
the mental picture of a location, it is a very good definition for computer terminology and has been accepted universally.
2.2

THE MEANING OF AUTOMATION

The word automation was first coined by Del Harder of the Ford
Motor Company in 1947. Harder shortened the word "automatization" to automation, and defined it as the "automatic handling of parts
between progressive production processes." During the years since
the first use of automation, it has assumed in usage a broader meaning and greater significance. Recently Mr. Harder, now vice-president
in charge of manufacturing at Ford, stated that automation "is a concept which embraces our planning of all manufacturing processes." In
1952 John Diebold in his book entitled Automation defined it as "denoting both automatic operation and the process of making things
automatic."
Since 1954 the word has been.in common usage. A few typical examples of definitions are as follows:
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K. R. GEISER, General Electric: Automation is the accomplishment of a job
by an integrated mechanism with a minimum of human assistance of any
kind.
MILTON H. ARONSON, editor of Instruments and Automation: Automation is
a substitution of mechanical, hydraulic, electronic and electric devices for
human organs of decision and effort.
HAROLD MARTIN, Rensselaer Polytechnique Institute: Automation is the entire accomplishment of a work task by a power-driven integrated mechanism
wholly without the direct application of human energies, skill, or intelligence.
ANONYMOUS: Automation is the automatic recognition, evaluation, and solution of a processing problem.

Some definitions emphasize the philosophy or purpose of automation.
For example, W. E. Brainard of Hughes Aircraft Company has provided the rather lengthy definition: "Automation is more than merely
transferring. Nor is it a push-button factory. It is a philosophy that
may extend back to the design of the product. It is a new method of
manufacture, not necessarily a new way of cutting metal, but a way of
controlling the various processes. Automation is a philosophy of design, it is a manufacturing method, and it is control within a machine."
A nation-wide survey was made in 1954 by the industrial division of
Minneapolis-Honeywell. Discussion with some 400 industrialists revealed a wide acceptance of the word. Automation, they said, embraces
"automatic handling of materials; control of temperature, ·pressure, and
velocity; automatic processing; assembly of parts; measurements of
variables; operation of aircraft and missiles; receiving, storing, and
shipping functions; computing and data handling; cost accounting; and
control of household devices." These 400 industrialists furthermore
agreed that "automation signified the automatic performance of a controlling function by mechanisms instead of men," and that "automatic
control is obtained through measuring and correcting variables by instruments and mechanisms with no human intervention." The survey
revealed that many engineers think of "control" and "instrumentation" separately-both as a part of automation. You can see that all
the aspects of this book are covered by the subj ect matter mentioned
in this survey on automation.
These definitions and the survey give us a better understanding of
the acceptance of the word "automation," the current usage, and its
implications. The basic features of definitions of automation are:
(1) The replacement of the human operator in a step or steps of a
process. Man appears outside the process--as a designer, planner,
monitor, and maintainer-the machine does the work. This concept
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of increased mechanization was the first to be associated with automation.
(2) The increased employment of feedback control-both theory
and techniques-to the design and operation of automation systems.
Mathematics is becoming an essential tool of business and industry.
(3) The use of sensing, decision, and computing elements to replace
human operators, implying machines with a higher "intelligence" content and ability to control a process. The computer is becoming a
more and more common component.
(4) A broad "systems" approach to new developments, viewing operations as a complex of men, materials, machines, methods, and money,
rather than an array of isolated components. This leads to the breaking away from co~ventional techniques and approaches, both in machine and product design and in operating procedures.
2.3

THE NEED FOR A NEW WORD

The rapid acceptance of automation as a word indicates clearly that
the field was ripe for a new term. Magazine feature articles as well as
advertisements make liberal use of the word. An editor of a weekly
technical news magazine has stated that he cannot put out an issue
without using automation at least half a dozen times-there is not another word that has similar connotations. Management and labor are
both talking automation, and Congressional hearings on the subject
have been held.
In any field there is always the need for words that have rath,er
broad connotations. The word automation fills such a need in this
case. Compare it, for example, with the word development. Devet'opment is an unfolding process, a growth, and when we speak of development we can refer to study, investigation, breadboarding of equipment,
design of production models, or the completed equipment. It is a very
broad word, but there is no misunderstanding of what it means in a
certain context.' It does not describe specifically what the develop-;ment is concerned with, but we know that it is an unfolding of something new.
Automation fills a similar requirement for a broad word which signifies the use of self-powered, self-sensing, and self-guiding devices,
whether it be the automatic washing machine, the electronic processing
of data in the office, control of huge factory machines, or control of a
chemical process. The availability of new tools and techniques, from
both industrial and military research and development, makes possible
sensing and decision elements of a different order of magnitude in com-
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plexity and speed than was previously attainable in automatic systems.
These new developments exceed man's capabilities as an observer, decision maker, and doer, and to many people this signified the need for
a new word.
Probably most significant is the need for a broad word to assemble
under one umbrella the components, products, systems, and practices
of our modern technology directed toward automatic operations and
control. As the word automation is used more and more often, people
grow accustomed not only to hearing of this newcomer to our society,
but also seeing its results; the word is already ·losing much of its emotional content.
2.4

THE SIMILARITY OF PROCESSES

We note that the word "process" is used in describing automation
systems. Let us take a few moments to discuss the implications of the
word process. Process is defined by Webster as "a series of actions or
operations definitely conducing to an end." We speak of chemical
processing, manufacturing processing, food processing, petroleum processing, and data processing. The use of this term process in all of these
systems indicates a basic identity. The common characteristics of
processes are that they are complex integrated systems, combinations
of men, machines, and procedures for carrying out operating plans. In
thinking of processes the emphasis is usually placed on the equipment,
but the advent of electronic computers now focuses attention on the
operating program. In any process the operating program is originally
represented by blueprints of products, flow charts, or statement of objectives. These contain the information required to describe the process which must then be carried out by the machines and men.
Every process handles energy, material, or information. The general characteristics possessed by every process, either manual or automatic, are:
(1) Input of materials, energy, or information.
(2) Storage for inputs: materials-spacial storage; energy-storage
in materials; information-storage in patterns in energy or materials.
(3) Machine or processor: the device that performs the required
work, manipulation, or operation. It shapes, positions, assembles, and
treats materials or computes and performs logical operations on information.
(4) Control for directing the machine. In manual operation, man
provides the guidance; in automation, the control is automatic.
(5) Output of materials, energy, or information.
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Recognition of the basic similarity of processes places emphasis on
the operation plan and mode of control, rather than on the equipment.
Such emphasis is necessary if radical advances in .automation systems
are to be made, and is valuable even in "piecemeal" application of
automation.
2.5

CROSS CURRENTS BETWEEN OFFICE AND FACTORY

Combined office and factory automation will appear earliest in those
operations in which (1) economic factors that may be quantitatively
determined can be used as a basis of controlling operating conditions,
(2) metering is part of the process and such measurements are used in
accounting operations. Examples in which progress has been made are
automatic telephone message recording, economic power dispatching
in utilities, and petroleum product refining and blending.
Two of the largest problems of modern manufacturers are scheduling of production and inventory control. Here we can readily see the
one-to-one correspondence between factory. operations and the data
processing which parallels it. The greatest part of office data processing
in manufacturing industries is concerned with.planning, directing, and
monitoring factory operations in coordination with sales.
Data-processing machines being used in scheduling operations are
really midway between the accounting department and the factory.
Such operations have a tendency to exert pressure in two directions.
The scheduling and inventory data are of direct value in accounting,
sales, marketing, and forecasting functions and will pace these operations. On the other hand, as new techniques are developed for using
up-to-date information, there will be a demand for more data of higher
accuracy. Consequently pressure will develop to meet schedules, and
to 'further speed up output from the factory:. i.e., more automation.
Eventually we shall see the computers used for data-processing equipment being applied first to monitor and then actually to control the
equipment used in the factory.
2.6

CONCLUSIONS

The concept of automation covers a range of processes that produce
products and supply services. These processes are all concerned with
basic inputs and outputs, of energy, material, and information, and
they also involve storage, processing, and control. We see a tendency
for an integration of the varieties of the two extremes of automationbusiness data processing and the automatic factory. It is likely that
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integrating office and factory automation will provide greater savings
and efficiency than when each is carried out separately. This integration places further emphasis on communication and the need for
a broad comprehension of the language of automation.
2.7

GLOSSARY OF TERMINOLOGY

The brief glossary of selected terms presented here has been prepared from sources listed in the bibliography. The terms listed under
a number of subject headings have been arranged in a logical rather
than an alphabetical sequence, with explanatory block diagrams. The
simplest and most easily understood definitions were selected from
available glossaries, with emphasis on the newer fields of digital computers and data processing. The progress made in standardization of
terminology in the fields of feedback control, automatic process control, and servomechanisms is demonstrated by the tables covering these
subjects. This brief glossary should prove useful as a reference for
basic terms that will be used in later chapters.
2.7.1

General Definitions

Automation. (1) The technique of making a process or system automatic. (2) Automatically controlled operation of an apparatus, process, or system, especially by electronic devices.
Cybernetics. "The field of control and communication theory,
whether in the machine or in the animal [Norbert Wiener]."
Operations Research. "Operations research is a scientific method of
providing executives with'· quantitative basis for decisions regarding
operations under their control [Po P. Morse]."
Linear Programming. ' Linear programming is a mathematical
method for sharing a group of limited resources among a number of
competing demands, where all decisions are interlocking because they
all have to be made under a common set of fixed limitations.
Language. A system consisting. of (a) a well-defined, usually finite,
set of characters, (b) rules for combining characters with one
another to form words or other expressions, and (c) a specific assignment of meaning to some of the words or expressions, usually for communicating information or data among a group of people, machines,
etc.
Machine Language. (1) A language, occurring within a machine,
ordinarily not perceptible or intelligible to people without special
equipment or training. (2) A translation or transliteration of this
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language into more conventional characters but frequently still requiring special training to be intelligible.
Common Language. The use of identical "machine language,"
throughout a system, so that machines can communicate directly without translation to ordinary language.
2.7.2

Computers, Simulators, Trainers

Computer. (1) A machine for carrying out calculations. (2) By ex:.
tension, a machine for carrying out specified transformations on information.
Digital Computer. A computer that operates with information, numerical or otherwise, represented in digital form.
Analog Computer. A type of calculating machine that operates with
numbers represented by directly measurable quantities such as voltages, resistances, rotations, etc.
Simulator. The representation of a physical system by computers
and associated equipment.
Trainer. The representation of an operating system by computers,
associated equipment, and personnel.
2.7.3

Digital Computers (See Table 2.1 and Fig. 2.1)

Digit. One of a set of symbols used to represent numbers.
Arithmetic Unit. That part of a computer which performs arithmetic operations.
Control. Usually those parts of a digital computer that effect the
carrying out of instructions in proper sequence, the int€rpretation of
each instruction, and the application of the proper signals to the
arithmetic unit and other parts in accordance with this interpretation.
Storage. (1) The act of storing information. (2) Any device in which
information can be stored, sometimes called a memory device. (3) In
a computer, the section used primarily for storing information. Note:
The physical means of storing information may be electrostatic, ferroelectric, magnetic, acoustic, optical, chemical, electronic, electrical,
mechanical, etc., in nature.
Write. To introduce information, usually into some form of storage.
Read. To extract information, usually from some form of storage.
2.7.4

Computer and Data Processor Programming

Program. (1) A plan for the solution of a problem. (2) Loosely,
a synonym for routine. (3) To prepare a program.
Flow Diagram. A graphic representation of a routine.
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Table 2.1

Representation of Information in Digital Computers and Data
Processors

Definition
Involving the integer two, as in
the binary number system
Binary digit A digit of a binary number or
code, sometimes abbreviated
as "bit"
Binary coded A system of number represendecimal
tation in which the decimal
digits of a number are expressed by binary numbers
Character
(1) One of a set of elementary
symbols sueh as those corresponding to the keys of a
typewriter. (2) A code representation of such a symbol
Word
An ordered set of symbols
which is the smallest unit in
which information is normally stored and transferred
within the computer
Block
A group of words considered or
transported as a unit
Item (unit
Blocks of words containing rerecord)
lated information
Term
Binary

Inputoutput
unit

Example of Information

Binary Digital Representation

0,1,2,3,4,5, • ",8, 0, I, 10, 11, 100, 101, "', 1000, 1001, ...
9, ''',16, ...
10000, ...
Om1

159

Oto9
AtoZ
.,1; etc.

(a) 643821859
(b)

J. R. Wellington

J. R. Wellington

Oml

0001 0101 1001 (binary numbers)
0100 1000 1100 (arbitrary code)

000000 to 001001
001010 to 100011
100100 to 111111
(64 possible characters)
(a) 0110,0100, ",,01000 (10 numbers)
(b) 010011

100100 011011 100100 100000
001110 010101 010101 010010 010000
010111 011101 011000 010111

010011 100100 011011 100100 100000

(name)
001110 010101 010101 010010 010000
64,322 (payroll no.) 010111 011101 011000 010111 (name)
2.89 (pay rate)
000110 000100 100101 000011 000010
3.00 (ins. deduction) 000010 (payroll no.)
etc.
000010 100100 001000 001001 (pay rate)
000011 100100 000000 000000 (ins. deduction)

Arithmetic
unit

- - Word transfer
- - - Control exercised

Fig. 2.1 General block diagram of a digital computer
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. Code. (1) A system of characters and rules for representing information. (2) Loosely, the set of characters resulting from the use
of a code. (3) To prepare a routine in machine language for a specific
computer. (4) To encode, to express given'information by means of
code.
Instruction Code~ An artificial language for describing or expressing the instructions that can' be carried out by a digital computer.
In automatically sequenced computers, the instruction code is used
when describing or expressing sequences of instructions, and each instruction word usually' contains a part specifying the operation to be
performed and one or more addresses identifying a particular location
in storage. Someti~es an address part of an instruction is not intended to specify a location in storage but is used for some other
purpose.
Operation Code. (1) The list of operation parts occurring in an
instruction code, together with the names of the corresponding operations (e.g., "add," "unconditional transfer," and "add and clear," etc.).
(2) Synonyms for operation part of an instruction.
Address. An expression, usually numerical, that designates a particular location in a storage or memory device or other source or destination of information.
Routine. A set of instructions arranged in proper sequence to direct the computer to perform a desired operation, such as the solution
of a mathematical problem.
Subroutine. In a routine, a portion that causes a computer to carry
out a well-defined mathematical or logical operation.
2.7.5 Data-Processing Operations
File. (1) A sequential set of items (not necessarily all of the same
size) (noun). (2) To insert an item into such a set (verb).
Sort. To arrange items of information according to rules dependent
upon a key or field contained by the items.
Merge. To produce a single sequence of items, ordered according
to some rule (i.e., arranged in some orderly sequence), from two or
more sequences previously ordered according to the same rule, without
changing. the items in size, structure, or total number. Merging is a
special case of collation.
Extract. To remove from a set of items of information all those
items that meet some arbitrary criterion.
Collate. To combine two or more similarly ordered sets of items
to produce another ordered set composed of information from the
original sets. Both the number of items and the size of the individual
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items in the resulting set may differ from those of either of the original
sets and of their sums.
2.7.6 Tabulating Equipment 1 (See Table 2.2)
Tabulating Card. A unitre~lOrd card. designed for the recording of
data in the form of punched holes to be sensed by mechanical or
electrical (including electronic) means.
Table 2.2

Punched Card Equipment versus Electronic Data Processors

Electronic Data Processors
Punched Card
Card punches, repro- Processor (computer), magnetic
tapes, card P tape converters,
ducers, collators,
plus preparatory equipment for
sorters, accounting
punched tapes and cards
machines (calculating punches and
printers)
Program control External plugboard on Internally stored program control
processor, tapes, and converters
each machine
Program steps
1,000 to 20,000 typical
Up to 100
Limited only by storage capacity
(instructions)
Computing speed Low (limited by card High
readers)
Up to 20,000 characters (cores)
Storage
80 characters (card)
80 characters (relays) Up to 1.8 X 106 characters (drums)
Up to 5 X 109 characters (tapes)

Equipment

Tabulating System. Any group of machines capable of entering,
converting, receiving, classifying, computing, and recording alphabetic
and/or numeric accounting and/or statistical data by means of tabulating cards, and in which tabulating cards are used for storing data and
communicating it within the system; provided that "tabulating system"
shall not include "electronic data-processing system" as hereinafter defined.
Tabulating Machine. A machine or device and attachments therefor used primarily in a tabulating system.
Electronic Data-Processing System. Any machine or group of automatically intercommunicating machine units capable of entering, receiving, storing, classifying, c,omputing and/or recording alphabetic
and/or numeric accounting and/or statistical data without intermediate use of tabulating cards, which system includes one or more
central data-processing facilities and one or more storage facilities,
1 Present-day electronic systems make extensive use of tabulating equipment;
hence definitions covering this aspect of data processing are of interest. The list
of definitions covering tabulating machines has been taken from the Final Judgment of U.S. District Court Civil Action 72-344, U.S.A. VS. IBM.
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and has· either (1) the ability to receive and retain in the storage
facilities at least some of the instructions for the data-processing operations required, or (2) means, in association with storage, inherently
capable of receiving and utilizing the alphabetic and/or numeric representation of either the location or the identifying name or number
of data in storage to control access to such data, or (3) storage capacity
for 1000 or more alphabetic and/or decimal numeric characters or
the equivalent thereof.
Electronic Data-Processing Machine. A machine or device and attachments therefor used primarily in or with an electronic data-processing system.
Table 2.3

Feedback and Automatic Control Symbols and Definitions

Recommended Term
Symbol

AlEE

ASME

g2

Controlled
system

Process

Controlled variable

Feedback elements

Primary feedback

Command

a

Set point

Reference input elements

Refererice input

Actuating signal
(II

Control elements

m

Manipulated variable

U

Disturbance

Nonstandard Terms

Nonstandard
Symbols
y, kg, h, p, a

Definition

The body, process, or machine, a particular quantity or condition of which
is controlled (AlEE)
The collective functions performed in
and by the equipment in which a
variable is to be controlled (ASME)
Output; regulated varia- eo, 0, T, 0 as The quantity or condition of the consubscript
trolled system that is directly measble; measured variable
ured and controlled
The portion of the feedback control sYSFeedback transfer func- y, kg, g, {J
tem that establishes the relation betions
tween the primary feedback and the
controlled variable
A signal which is a function of the conMonitoring feedback;
e,
trolled variable and which is comfeedback
pared with the reference input to obtain the actuating signal
The input which is established or varied
Input; desired value; con- e" d
by some means external to and indecontrol point
pendent of the feedback control system under consideration
The portion of the feedback control sysConversion elements; primary elements; sensing
tem that establishes the relation between the reference input and the
elements
command
e, ~, ei, d, i A signal established as a standard of
Input; reference standcomparison for a feedback control
ard; desired value; set
system by virtue of its relation to the
point
command
The reference input minus the primary
Error; unbalance; actuat- E, e, (Je, U
ing error; correction
feedback
Amplifier; controller;
y, kg, h, p, a The portions of the feedback control
servo amplifier; relay;
system that are required to produce
the manipulated variable from the
error corrector
controlled variable
The quantity or condition that the
controller applies to the controlled
sYstem
A signal (other than reference input)
Load disturbance; upset I;d,n
which tends to affect the value of the
noise; drift
controlled variable
Plant; load
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Service Bureau Business. The preparation with tabulating and/or
electronic data-processing machines of accounting, statistical, and
mathematical information and reports for others on a fee basis.
Service Bureau. An organization engaged principally in the service bureau business.
2.7.7

Automatic or Feedback Control Systems (See Table 2.3)

A Feedback Control System is a control system that tends to maintain a prescribed relationship of one system variable to another by
comparing functions of these variables and using the difference as a
means of control (AlEE). See Fig. 2.2.
Disturbance
Command
or set point

~

Reference
input

Reference
input
elements
a

r+

Actuating
signal
Control
elements

e

u

Manipulated
variable

gl

Primary
feedback
b

!

Controlled
variable

Process

m

Feedback
elem~nts

g2

c

....

h

Fig. 2.2 Block diagram of feedback control system

An Automatic Control System is any operable arrangement of one or
more automatic controllers connected in closed loops with one or more
processes (ASME).
An Automatic Controller is a device that measures the value of a
variable quantity or condition and operates to correct or limit deviation of this measured value from a selected reference. An automatic
Automatic controller
A

/

Set.point
(Selected reference)
Controlling
means

Measuring
means

-----------~

Process

I-----~---

Fig. 2.3 Automatic controller and its feedback loop

\
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controller includes both the measuring means and the controlling
means. See Fig. 2.3.
A Servomechanism is an automatic control system in which the controlled variable is mechanical position (ASME). It is a feedback
control system in which the controlled variable is mechanical position
(AlEE).
A Transducer is a device for converting a signal or physical quantity
of one kind into a corresponding physical quantity of another kind.
2.8
2.8.1

REFERENCES ON TERMINOLOGY

Control Systems

Institute of Radio Engineers (IRE), Standards on Terminology for Feedback
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3.1

INTRODUCTION

It is not difficult to get general agreement on the value of stressing
fundamentals. However, .when a census is taken of just what are the
fundamentals of a large subj ect, such as automation, then a wide
spectrum of answers usually appears. In the following I shall give
you my views on the fundamentals of automation.
What is automation? Chapters 1 and 2 have introduced this subject and have reviewed some of the language of the field. Before giving my answer to the meaning of automation, let me first relate an incident in automatic banking.
A young man' from a small town was sent to a technical college by
his rich uncle. On returning home after graduating, he convinced his
father, who managed the local bank, that the bank should install some
recently developed banking equipment. Unfortunately the equipment
was not completely debugged when it arrived. ·Well, as you may
guess, there were initial troubles. To begin with, something went wrong
with the high-speed check sorter. After sorting the first batch of
checks in the twinkling of an eye, it shredded the second batch into
confetti. Not long after this, the day of reckoning came, The father, .
who was teller as well as manager of the bank, had to :inform the next
33
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customer desiring to withdraw some of his funds, "I'm sorry, sir, but
our new automatic banking device shifted into reverse, and your interest ate up the principal."
Automation holds forth a brilliant future for you and for me, I believe, but not without a few difficulties such as those suggested by
this banking story. If an automatic computer can turn out a million
correct results in a day, then if improperly designed it might turn out
errors at a similar rate.
Let us return to the question, "What is automation?" My answer
is: Automation is the use of a nonliving system to control and carry
out an operation.
A· term with a broader realm of application is feedback control.
This applies to living as well as nonliving systems. For example, "The
rate of human breathing is controlled by eleven different feedback
loops," according to Norbert Wiener.
How old is feedback control? My answer is that examples of feedback control go back to the beginning of life on this planet, say one
or two billion years.
,
H ow old is automation? The best answer that I can give you is that
automation goes back to James Watt's invention 6f the fly-ball governor for his steam engine which was patented in 1769. Of course,
mechanisms without self -control go back to the invention of animal
traps, and to later inventions such as the wheel. By the time of the
Romans there had been invented elementary computing mechanisms
such as the water clock and the chariot wheel revolution counter. The
latter was arranged to have a marble drop through a hole with each
revolution of the chariot wheel. At the end of the trip, the number
of marbles that had dropped through gave a measure of the distance
traveled by the chariot. This digital revolution counter was probably
the first taxi meter. Today it is cited in analog-to-digital converter
patent suits.
Why is there at present such a great interest in automation for science,
engineering, industry, and business? It is my belief ihat the reasons
for this recent great upsurge of interest are (1) the accelerated availability of electronic and magnetic computer' and actuator equipment;
(2) growth of automation "know how"; coupled with (3) the accelerated
realization of our needs for automation brought on by World War II
and subsequent military activity. In short, now we can get automation I
Not that we do not already have a fair amount of automation, but
rather that now (1) we have considerable knowledge on this subject;
(2) we have developed a reasonable understanding of the design of
linear automatic systems; (3) we have made 'a start on applying auto-
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matic systems to industry and business; and (4) we have lots of
hardware and system design "know how" waiting to be applied.
A new category of engineer is now appearing, the BUSINESS ENGINEER. As with earlier two-field experts, the business engineer
often receives the greatest acclaim as an engineer from the businessmen, and as a businessman from the engineers.
In earlier years it was standard practice to introduce historical
perspective in talks on automatic computers by references to the contributions of ideas on automatic mathematical-table computers by
Babbage, and to ideas on differential analyzers by Lord Kelvin.
Through their ideas these men were laying the conceptual foundations
for computers and consequently for automation. As you recall, an
automatic system consists basically of a computer coupled to a set
of actuators. During the early and middle nineteenth century when
Babbage and Kelvin were generating these ideas. for computers, proper
means for reduction to practice were not at hand. Hence, practical
versions of such computers did not appear until the 1920's and 1930's.
Now in the 1950's with good network and feedback engineering theory
and components, with good analog and digital theory and engineering,
we are arriving! The goals of Watt, Babbage, and Kelvin, however,
are now well behind us.
What are o'ur new goals? What does automation, present and
future, offer business and industry? Let us first go over some familiar
fundamentals, look at the new goals, and then discuss the means for
. obtaining them. We cannot repeat too often that the first phase of
the industrial revolution has been replacing the muscle work of man
and beast by power from coal, oil, other chemicals, flowing water, and
now from atomic nuclei, and that the second phase of this revolution
is replacing the elementary brain work of man by the work of automatic electromechanical and electronic computers. These two phases
combine to give us automation. And what net benefits are we to derive from additionaZautomation in business and industry? The answer
is-a better life! Just as the standard of living in the United States
has kept pace with the increased use of nonmuscle power, so, barring
wars, it will continue to rise with the combined use of nonliving power
and information processing in automation.
Many of the labor leaders are aiding the extension of automation
in their fields, since the broad result is an upgrading of the kinds of work
done by people with a consequent net increase in the standard of living! Monotonous routine work is delegated to automatic information
processors. Each person generates a greater profit for the concern and
hence can receive greater pay. The expansion of needs for new va-
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rieties of goods and services is growing more rapidly than the supply of
people to turn them out. Automation can help to bridge the gap.
3.2

THE ROLES OF SCiENCE, MATHEMATICS, AND ENGINEERING

Now let us turn to the question, namely, "What are the roles of (1)
science, (2) mathematics, and (3) engineering in helping us to extend
automation 1"
(1) Science supplies us with essential information about the physical world, including the people in, it. The scientific method of hypothesis, error-corrected by a feedback loop using quantitative experiment, is often difficult to apply to industry and business. Part of the
difficulty is assignable to the lack of control· over conditions for proper
experiments. Putting a simplified version of, the problem on a computer with actuators, as a simulator, may help in the application of
the scientific method.
(2) Mathematics includes reasoning which can be used on the simplified models of items in the physical world. More advanced automation
is possible with better models. These better models are often more
complicated. Hence, we need the large automatic computers to deal
with them.
(3) Engineering is the application of science and some mathematics
to solve .man's problems. In this instance they are problems concerning improved or extended automation of industry and business. Prominent in the more recently emphasized aspects of this engineering is
the systems approach. Problems of how to split up a large system into
parts with minimum interaction, and how to synthesize a large system
from subsystems, arise and call for greater attention. Also, in the
large systems we have in mind there are both people and automata.
This excites the question: "How can we divide the systems job between
people and automata?" A few comparative characteristics are as follows. People are usually more variable in their performance and slower
than modern electronic-magnetic automatic systems. A person's brain,
viewed as a computer, is very advanced, extremely compact, and very
efficient in the use of power. A person has an enormous memory. His
brain is subject to saturation in a short time. A person can usually
work on one problem at a time, and it is difficult to couple brains for
series, parallel (tandem) bridge, or other systems operation. On, the
other hand, automata have extremely elementary "brains" as of today.
They do not saturate in a short time. They can work 23 or 24 hours
a day and do not need week ends off, for the most part. They can be
more reliable than people. They can be much less variable than
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people, and usually are. Automata can be now best applied to fixedpolicy repetitive problems needing rapid solution. Later variablepolicy problems will be solvable.
3.3
3.3.1

DESIGN OF AN AUTOMATIC SYSTEM

Military Contributions

The most advanced applications of automation to date have been
in military engineering. Examples of such applications appear in antiaircraft gun directors, in increasingly automatic fighter planes, and
in guided missiles. It is the carry-over of the physical and mathematical techniques evolved in military research and devolopment to the
solution of industrial and business automation problems that will
be emphasized in this section.
3.3.2

Automatic Subsystems

As mentioned above, people will be present as subsystems in our
overall system. However, it is with automatic subsystems that we
shall be concerned. In many instances these automatic subsystems will
perform operations that humans have never done and cannot do. At
the same time they will permit humans to carry out operations with
their brains that are far beyond the capabilities of automatic computers now and in the foreseeable future.
3.3.3

Elements

. As the elements of an automatic industrial or business subsystem
we shall take: (1) the subsystems input equipment or sensory pickups,
(2) the SUbsystem output ~quipment or controlled actuators, and (3)
the processors or combination computer-amplifiers which connect input and output. Of course the environment of the automatic subsystem is present in the form of (4) a set of driving signals, disturbances,
and initially stored energies, and (5) externally coupled input and
output parts of the whole system which in special cases would be
described as source and sink admittance levels.
3.3.4

A Design Method

Details and examples will be given to answer the following general
question: What is a typical procedure for designing an automatic business or industrial system?
(1) Decide on the class of problems to be solved by the automatic
system in the time era during which the system is to be operational.
Allow for changes in this class of problems with the passage of time.
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(2) Estimate the class of environments to be encountered by the
system during its operation. Allow for improved environmental data
resulting from better measurements.
(3) Rough out blocks of the whole system, using estimates based on
pertinent past experience and on realistic assumptions and calculations
for weighting or transfer functions of the subsystems. Check the consistency of assumed development or acquisition times of proposed components and subsystems. As the development progresses, recheck for
this consistency at appropriate intervals. Take the required corrective
action.
(4) Decide on measures of effectiveness of the system in the at-.
tainment of its various obj ectives.
(5) Define each type of error by an appropriate criterion that measures the amount by which the actual-system effectiveness fails to attain each desired-system objective.
(6) Make error analyses assuming a linear invariant approximating
system for each system objective. Use the Laplace transformation
method, together with "rout locus" aids to treat the approximating system. Use a real-time simulator to study the whole system. That is,
make a full-scale dynamic model of the system by means of a computersimulator and then run through the set of operational modes under the
set of estimated environmental conditions. Information learned from
simulation should be fed back into the system design to improve (a)
system stability margin, (b) equality of response to typical sets of
input signals under expected operating environmental conditions, and
(c) reliability of operation.
(7) In the simulator, replace linear computer approximations to
components and subsystems of the system under design by nonlinear
components and SUbsystems. Again check the various modes of the
simulated system.
(8) As the actual linear and nonlinear hardware components of
the system become available, insert them in the simulated system in
place of the approximating computer equipment. As before, check
the modes of the now partially actual and partially simulated system.
(9) Successively refine the system error analysis using statistical
ensembles for drives, boundary conditions, and disturbances. Adjust
the system design connections and parameters-until the system stability, quality, and, reliability are satisfactory.
(10) By the same process used in the development of the main
system, develop monitoring instrumentation for locating failing components in the main system.
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(11) Run a set of tests on the main system to determine appropriate
statistics on the reliable life of components and subsystems.
(12) Collect appropriate statistics on the system during its era of
actual operation and use the results to further improve the design
of later editions of the automatic system.
3.3.5

Automation for Control

Many businesses now use automation in obtaining financial information for records which are used for tax purposes, financial reports, and
(historical) records. This use does not place strong emphasis on speed.
However, if the financial information is made available in a short
enough time, it can be used for essentially continuous control of the
business. In obtaining the required speed for high-speed control it is
often necessary to exchange some of the recording operations for solution time.
3.4

CONCLUSION

Although the foregoing remarks merely touch on some of the fundamentals of automation in business in industry, it is my hope that they
may stimulate the reader to deeper thought on the principal objectives of automation and to a practical approach to the attainment
of more extensive and better automation.
For those who would go into more detail a bibliography is attached.
3.5

REFERENCES

1. G. R. Andlinger, Operations Research; Challenge to Modern Management,
Operations Research Associates, Cambridge, Mass., 1954.
2. W. R. Ashby, Design for a Brain, Chapman & Hall, London, and John Wiley
& Sons, Inc., N ew York, 1952.
3. D. A. Bell, Information Theory and Its Engineering Applications, Sir Isaac
Pitman & Sons, Ltd., London, 1953.
4. D. A. Bell, Statistical Methods in Electrical Engineering, Chapman & Hall,
Ltd., London, 1953.
5. R. Bellman, Some Applications of the Theory of Dynamic Programming, A
review, J. of Operations Research, 2: 275-288 (Aug. 1954).
6. D. Blackwell and M. A. Girshick, Theory of Games and Statistical Decisions,
John Wiley & Sons, Inc., New York, 1954.
7. R. Carnap and Y. Bar-Hillel, An Outline of a Theory of Semantic Information, MIT, Research Laq. Electronics, Tech. Rept., 247, 1952.
8. A. Charnes, Lectures on the Mathematical Theory of Linear Programming,
Part II of A. Charnes, W. W. Cooper, and A. Henderson, An Introduction to
Linear Programming, John Wiley & Sons, Inc., New York, 1953.
9. A. Charnes, W. W. Cooper, and A. Henderson, An Introduction to Linear
Programming, John Wiley & Sons, Inc., New York, 1953.

40

AUTOMATION IN BUSINESS AND INDUSTRY

10. J. F. Coales, Application of Information Theory to Data-Transmission Systems, and Use of Binary Coding to Increase Channel Capacity, lEE, Prob. 5,
part 3, 291-302, Sept. 1953.
11. J. Diebold, Automation: The Advent of the Automatic Factory, D. Van
Nostrand Co., Inc., New York, 1952.
12. R. Dorfman, Application of Linear Programming to the Theory of the
Firm j Including an Analysis of Monopolistic Firms by Nonlinear Programming,
University of California Press, Berkeley, 1951.
13. J. E. Edison, L. S. Morse, R. A. Pizetz, and G. Sternlieb, Electronics-New
Horizon in Retailing; The Application of Electronics in Retailing; The Application of Electronics and Electromechanical Systems to Retail Control, AER
Associates, Clayton 5, Mo., 1953.
14. A. D. Franklin and E. V. Hankam, Bibliography on the Use of IBM Machines in Science, Statistics, and Education, Watson Scientific Computing Laboratory, IBM, New York, 1952.
15. S. Goldman, Information Theory, Prentice-Hall, Inc., New York, 1953.
16. T. C. Koopmans, Activity Analysis of Production and Allocation, John
Wiley & Sons, Inc., N ew York, 1951.
17. J. C. C. McKinsey, Introduction to the Theory of Games, McGraw-Hill
Book Co., Inc., New York, 1952.
18. B. McMillan, Information Theory, University of Pittsburgh Press, Pittsburgh, 1953.
.
19. P. M. Morse and G. E. Kimball, Methods of Operations Research, Technology Press and John Wiley & Sons, Inc., New York, 1951.
20. H. Quastler (Ed.), Information Theory in Biology, University of Illinois
Press, Urbana, 1953.
21. R. K. Richards, Arithmetic Operations in Digital Computers, D. Van Nostrand Co., Inc., New York, 1955.
22. C. E. Shannon and W. Weaver, The Mathematical Theory of Communication, University of Illinois Press, Urbana, 1949.
23. H. S. Tsien, Engineering Cybernetics, McGraw-Hill Book Co., Inc., New
York, 1954.
24. A. Tustin, Mechanism of Economic Systems; an Approach to the Problem
of Economic Stabilization from the Point of View of Control System Engineering, Harvard University Press, Cambridge, Mass., 1954.
25. J. von Neumann, Probabilistic Logics and the Synthesis of Reliable Organisms from Unreliable Components, California Institute of Technology Lectures,
1952.
26. J. von Neumann and O. Morgenstern, Theory of Games and Economic Behavior, Princeton University Press, Princeton, 2nd ed., 1947.
27. N. Wiener, Cybernetics; or Control and Communication in the Animal and
Machine, John Wiley & Sons, Inc., and Technology Press, New York, 1948.
28. N. Wiener, The Extrapolation, Interpolation and Smoothing of Stationary
Time Series with Engineering Applications, John Wiley & Sons, Inc., and Technology Press, New York, 1950.
29. N. Wiener, The Human Use of Human Beings; Cybernetics and Society,
Houghton Mifflin Co., Boston, 1950.
30. J. D. Williams, Compleat Strategyst: Being a Primer on the Theory of
Games of Strategy, McGraw-Hill Book Co., Inc., New York, 1954.
31. P. M. Woodward, Probability and Information Theory, with Applications
to Radar, McGraw-Hill Book Co., Inc., New York, 1953.

4.

Feedback
~ontrol

SystelDs
HAROLD CHESTNUT
General Electric Company
Schenectady, New York

4.1

INTRODUCTION

Automation is a recently coined word that is used to describe "continuous automatic production." In its ideal form it signifies the accomplishment of a desired end or product without the use of manual
power or direction during the process itself. Although the word automation is new, many of the processes-the tools, techniques, and
components-have been developed over the past twenty or more years.
From a purely technical point of view, the challenging aspect of automation is the ability to perform the desired tasks without human
participation. In many cases the engineering and physical problems
involved are difficult and their solution is not readily apparent. The
way of doing something automatically may be quite different ~pera
tionally from the way it is done manually, although the same functional result is obtained.
From a practical point of view, one of the maj or problems
of automation is deciding whether a product or job is one for
which automation is justified. The nature of the product, the
volume or quantity of labor involved in the process, the cost of
automatic production versus manual production, the quality of the
automatically p;oduced product contrasted with the manually pro41
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duced one-these are some of the factors that must be considered before embarking on a program of automation. In other words, the
question "how to automate" comes before the question "whether to";
the method of automation must be determined before its adoption can
be considered.
Although many processes when so scrutinized may be found not to
warrant automation, the pressures on our economy are in the direction
of more and more automation. As evidence of this, statistics show
mounting labor costs, more national product per worker, increasing
numbers· of automatic control components available at reasonable
prices, and an improved general level of technology. Certainly we
are justified in assuming that the technical aspects of the problem
are important and worthy of our attention.
4.1.1

Nature of Problem

Let us attempt to formulate the general technical problem of automation, i.e., automatic production. Figure 4.1 illustrates in block diagram form the flow nature of the automation problem as an openInputs

Outputs
Control or
standard
Control or
controlled environment

Raw materials

Finished
product
Transfers
and other
operations

Raw materials

Control or
standard

-Fig. 4.1 Schematic representation of general automation problem

loop control starting with raw materials as inputs and continuing on
through to the finished product. The raw materials are acted upon
in the fashion of a flow process by a number of production operations
in series, perhaps joined together at some point, then further operated
upon, finally emerging as the finished product or output. Each of
the production operations may itself be a controlled process, such as
shaping, cutting, transportations, or positioning of the material. The
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production operation may take place in a controlled environment of
temperature, humidity, acidity, or some other desired condition that the
particular process requires. Controls or standards may be applied
during or after many of the production operations so that the product
passing from one operation to the next is determined to be satisfactory
for the purpose intended. The system as shown in Fig. 4.1 does not
indicate directly any means of "closing the loop" to insure that the
Outputs

. Inputs
Control or
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Raw materials

Control or
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Production
operation

Control or
controlled environment
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operations

I" ;-.J~r:::tions~ prod!!!~opera~~ J
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I
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Fig. 4.2 Schematic representation of general automation problem with closedloop control

finished product or output will continuously meet the values desired
for these quantities.
"Closing the loop" can be accomplished by the addition of a means
for comparing the actual output with its desired value and using the
difference or differences to modify the controlled environment or the
production operation so that the actual output will more nearly equal
the desired output (Fig. 4.2). The term automation could be and is
employed to describe either the open-loop or closed-loop version of the
continuous production process described. It is of course apparent that
the closed-loop production scheme is more automatic and should
require less manual attention, provided reliable operation can be maintained.
The preceding description of the general automation problem has
served its point if it has indicated that control systems are used ex-
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tensively as a vital and important part of the automation process. The
reason why a human being is not needed in the production process is
that some automatic means is available for controlling the position,
temperature, voltage, or other conditions required in the process that
formerly demanded manual attention.
Without automation, individual isolated controls have been performing automatically but on a batch basis-merely performing one
job or part of a job. The use of automation makes possible the tying
together of a number of automatic controls into an overall flow process
in which the manufacture is continuous without human handling from
one automatic operation to the next. Although the complexity, expense, and magnitude of the control problems are greatly expanded
by the requirements of automatic production, the basic control problems of a single control system are in many important ways similar
to those of the more complex automation process. A fitting starting
point for considering the automation control problem is, therefore, to
consider the control of a single quantity and to describe the feedback
control principles involved in such a control. Next, some of the problems associated with multiple control systems operating in conjunction
with one another will be reviewed. Finally, a number of specific examples of automation in industry will be described.
4.1.2

Description of Feedback Control System

One of the building blocks of the automation process is the feedback control system, a simplified form of which is shown in Fig. 4.3.
A feedback control system as referred to here is a means of automatic
control in which the difference between the reference input and some
function of the controlled variable is used to supply an actuating error
signal to the control elements and the controlled system. The amplified actuating error signal endeavors to reduce to zero the difference
between reference input and controlled variable. A supplemental
source of power is available in such systems to provide amplification at
one or more points in the feedback control system so that the possibility exists for self-sustained oscillations or instability.
In addition to the principal variables described above and shown by
the solid-line portions of the diagram, the desired value, the indirectly
controlled quantity, and the disturbance function are shown. The
desired value represents the value that the control system is supposed
to reproduce, and it differs from the actual reference input by the
characteristics of the reference input elements. The indirectly controlled quantity represents the quantity that is the actual system
output. It differs from the controlled variable by the characteristics
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of the indirectly controlled system elements. The disturbance function represent~:an !unwante<;l input to the system that tends to cause
the contr,~lled variable to differ from the reference input. The disI Disturbance
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Fig. 4.3 Block diagram of simplified feedback control system

i
turbance function elements shown by dotted lines are intermediate
between disturbance function and the controlled system itself. The
dotted lines associated with the reference input and indirectly conTable 4.1
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trolled system elements serve to indicate that these elements, when
. equal to unity, have a limited effect on tJ:!e feedback control problem.
The principles of feedback control operation may be used effectively for anyone of a number of different physical kinds of control
problems, whether they employ electrical, mechanical, thermal, or
other forms of control elements. Table 4.1 indicates some common
forms that these variables and elements take for a few types of feedback control systems. This table shows the similarity in function of
a number of different controls, although they differ appreciably in
operation.
4.1.3

Requirements of Stability and Accuracy
The basic principle of feedback control or closed-loop operation tends
to make for accurate performance since the control system endeavors',
continually to correct any error that exists. However, this corrective
action can give rise to a dangerous condition of unstable operation when
used with control elements having a large amount of amplification and
significant delays in their time of response. An unstable control system
is one that is no longer effective in maintaining the controlled variable
very nearly equal to the desired value. Instead, large sustained oscillations or erratic control of the controlled variable may take place,
rendering the control useless.
If stable feedback control system performance is like that of a
manually controlled system with a capable and well-trained operator,
unstable feedback control system performance may be compared to
that of the manually controlled system with an untrained and irresponsible operator. Rapid and destructive response of the system,
in which adequate control is impossible, may result, and destructive
action of the controlled variable may occur.
If, in an effort to increase the accuracy of the control system, the
amplification of the control is increased without adequate steps being
taken to insure stable operation, the advantages of the feedback control principle prove illusory. Furthermore, it is necessary to do more
than have a system that is stable; a system must have an adequate
margin of stability and be able to recover rapidly and smoothly from
the shocks of irregular inputs or of severe disturbances.
The requirements of stability and accuracy are mutually incompatible. The higher the desired accuracy, the smaller is the actuating error
that can be allowed to perform the proper corrective action. Thus
high accuracy requires high amplification. With high amplification,
small actuating errors, if applied for too long a. period of time, can
. produce too large values of the controlled variable which may later
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cause larger actuating errors. With lower-gain systems, the time
during which the actuating error is applied is not so critical, for less
controlled-variable motion takes place in the system having the same
time rate of response. Hence the tendency for increasing actuating
errors is reduced with a low-gain system. Although less rapid performance and higher errors result from the lower-gain system than
might appear possible from a higher-gain system, the lower-gain system is generally the more stable.
Time delays in the various control elements and the controlled system that were not significant in a low-gain system may become appreciable for the system with high amplification. After the corrective
action is started and the need for correction has ceased, the inherent
time delay of the system elements may prevent stopping the action
of the control elements in time to prevent an overshoot by the controlled
variable. The overshoot may be greater than that which initiated the
control motion, and the process of continued corrective action, building
up to violent oscillations, is thus started.
Following this line of reasoning, we see that the time delays present
in the control elements cause the instability. By appropriate use of
"anticipation" means to compensate for the inherent time "delays"
in the control elements, it is possible to obtain a high-gain system
with satisfactory stability. Although improved accuracy and adequate
stability can be obtained, they 'are generally achieved only at the
expense of additional equipment or complexity.
4.1.4

Mathematical Basis for Stability

Essential and valuable as is the physical picture of stability, mathematical definitions provide more useful and exact means of describing
system performance. The principal mathematical means for determining stability of linear control systems are the following: (1) locating
by analytical or graphical means the actual position, on the complex
plane, of each of the roots of the characteristic equation of the system;
(2) applying Routh's stability criterion to the coefficients of the system's characteristic equation; (3) applying Nyquist's criterion to a
graphical plot of the open-loop response of the system as a function
of frequency for a sinusoidal driving function.
The labor involved in locating the exact position of the roots of the
characteristic equation or in calculating their values is such as to limit
the use of this method. A graphical method of locating the locus
of the characteristic equation roots, known as the "root locus method,"
has been developed by Evans and has permitted more extensive use of
the location of the roots themselves as a means for determining system
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stability and to a certain extent as a measure of performance. The
Routh criterion involves, the use of a brief, simple algebraic process
and permits the ready determination of the system stability. , The
graphical data necessary for applying Nyquist's criterion provide
quantitative information on the accuracy of the system, the degree of
system stability, as well as the system stability itself. Hence it is
the Nyquist criterion in one or, more of its modified forms that is used
extensively to determine system stability.
The Nyquist stability criterion places on a fi,rm mathematical basis
the well-known physical fact that, when the feedback signal to a control element is equal in magnittide and in phase with the actuating sig.;.
nal producing it, instability will result. Thus the Nyquist criterion 'establishesthe necessary conditions for stability in terms of the' ratio
between a sinusoidal actuating signal and the feedback signal. The
ratio is expressed by an amplitude and a phase relationship as a function of frequency. This ratio can be determined even when thetfeedback is not connected to the error-measuring element; thus the.'system need not be a closed loop when its stability as a feedback control
system is being evaluated. ' As such, the analysis of the problem is
reduced somewhat in complexity, although the results are valid for
the more complicated feedback control condition of system operation.
4.1.5

Features of Feedback Control System Performance

The two principal advantages of feedback control over control without feedback are that lower tolerances and greater time delays can
be permitted for the control elements. To appreciate some of the advantages of, the feedback control system, a comparison will be made
between the open-loop and closed-loop (feedback) control systems.
Figures 4.4 and 4.5 are block diagrams showing how the controlled
"'Reference
input, R
)'

G

t-----;)~ Controlled
variable, C

Fig. 4.4 Open-loop control system

Fig. 'l.5 'Feedback control system with direct feedback
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variable 0 is related to the reference input R for each of these two
systems. The ratios of the controlled variable to the reference input
for the open-loop and feedback control systems are, respectively,
C

-=G

(4.1)

R

and

C

G1

R

1 +[G1

,

(4.2)

where OlE = G1 and E is the actuating error.
The terms G and G1 represent the transfer function of the control
elements. In addition to gain or constant terms, the transfer functions
may contain time functional relationshjps having a wide range of values
from 0
00 under va:rying input conditions.
In contrast with the feedback control system in which the controlled
variable is compared directly to the reference input to provide the
error signal that actuates the control system elements, the open-loop
control system makes no direct comparison of these two variables.
Thus it is assumed that the transfer function G is known and fixed
so that the value of the controlled variable is known for each and
every -v.illtie of the reference input and its time variation. An example
of this is a' meter element: the deflection of a meter pointer is calibrated
against'~· standard inp~t, for example, ~ voltage. Subsequently it is
assumed· that the meter response is identical with its calibration figure
and that" the same input voltage will produce the same pointer deflection. ,.1 'However, a change in the characteristics of the transfer function G of the meter element may cause the same input to produce a
value df output different from the calibrated value. The change in
the valu'e of the output,· in terms of a change of the transfer function
a.lone, is
i

,0

..

,1

•

X

'.(~:~~~~~~)' (:~:;:: ~:l~e) (~;;:~;o~:~~)
=

varIable

of G

(4.3)

varIable

From. a knowledge of the value of the controlled variable alone, it
is impossible to distinguish between a change in the reference input
and a' change in the transfer function. Thus very close tolerances
in manu'facture and constancy of controller characteristics with time
are requi'red to obtain high performance of an open-loop system.
For ~he closed-loop system, there is less need for maintaining the
transfer function constant, provided the value of the transfer function
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G1 is large. This may be seen from eq. 4.4 where the expression for
the change in the value of the controlled variable in terms' of its proper
value and the transfer function G1 of a feedback control system are
shown.

~o:~~~~~~)
(variable

= (

1

cha~ge

1

(~~::~;o~~~~)

)(.
in G
) X
1 + G1 proper value of G1
variable

(4.4)

Although the change in the controlled variable is proportional to
the change in the transfer function G1 , there is a greatly reduced
mUltiplying factor of 1/ (1 + G1 ) that decreases the size of th~ actual
change in the controlled variable caused by changes in G1 • If G1
has a value of the order of 10 or more, the advantages of feedback
control operation in this respect are at once evident. Thus even
with the use of lower-precision components or ones subj ect to wider
variation under use, it is still possible to maintain high-precision feedback control performance.
Two additional items are worthy of note in this brief comparison
of open-loop and feedback control systems. First, it is not always
physically. possible to perform a direct comparison of the controlled
variable to the reference input as shown in Fig. 4.5. For example,
the reference input may contain present-input data for a computer
that has as its controlled variable some functional relationship of the
reference input, such as the future value of the controlled variable
after some period of time, for instance, T p • Only by performing a
duplicate calculation or by allowing the time Tp to transpire is it
possible to know whether the performance of the system Tp seconds
ago was correct. Thus it is clear that for certain control problems it
is difficult to provide an error-sensing device that can compare the value
of the controlled variable to the reference input and modify the controlled variable properly.
Second, a feedback control system may be designed to have the
controlled variable very nearly equal to the reference input for only
certain types of input signals. For other signals the feedback control
system may purposely be designed to make the controlled variable reproduce little or none of the input. As an example of this, position
servomechanisms are frequently designed to possess low-band-pass
characteristics. By this it is meant that reference input signals having low frequency or constant values are transmitted without appreciable error. The system transmission for higher-frequency signals,
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which generally represent extraneous inputs, is purposely designed to
be small, and the controlled variable has a high error for this type of
input.
4.2

FEEDBACK CONTROL SYSTEM PROBLEMS

The preceding material has been of a generally descriptive nature
to give us an overall picture of the use of feedback control as it might
be applicable as a part of the automation problem; but this material
has not served to emphasize the nature of the details of feedback
control systems. The material that follows will bring out the nature
of the elements that may make up the control system and will show
that the system error characteristics are a function of the nature of
the elements. System stability, frequency response, and transient
response will next be presented. Finally the effects of disturbances in
the input or in other locations will be described.
4.2.1

Mathematical Nature of Control System Elements

A control system element may be defined as one of a number of parts
that, when connected together, form the feedback control system.
Ideally, each control system element performs some specific function
that is necessary to the overall performance of the system. In general, a control system element receives an input signal from another
element or group of elements and transmits its output to another control
system element or group of elements.
The transfer function of a control system element is a mathematical
expression that indicates the dynamic characteristics of the element in
terms of the ratio of the output to the input of the element. This
transfer function, G (s), is expressed in the form of the Laplace transform of the output to input ratio in which all the initial values are
set equal to zero. Thus, from the relationship'
O(s) = G(s) f(s)

(4.5)

where f(s) = Laplace transform of the input
G(s) = transfer function
O(s) = Laplace transform of the output
the transfer function is obtained as the ratio
O(s)
G(s) = f(s)

(4.6)
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These two equations show that, physically, the transfer function is
the dynamic characteristic that modifies the input in transferring it
to become the output quantity.
When the input to a control system element is varying sinusoidally,
the transfer function may be determined by replaeing,~s_ by jw. The
transfer function is then said to, be in its complex or sinusoidal form.
For example the sinusoidal form of the equation above jg:
G( 'w) = O(jw)
J
I(jw)

(4.7)

which serves to indicate that sinsuoidal excitation has been impressed
as the input. Figure 4.6 is a block diagram used to indicate the relationship of eq. 4.7.
Control system
element
Input, 1(8)

Transfer
function
G(s)

Output, O(s)

Fig. 4.6 Block diagram representation of control system element transfer function

Starting with the physical relationships of proportionality, differen- ,
, tiation, integration and/or other effects present in the control element
-itself, the transfer function6f'a control element can be expressed. A
brief tabulation of the trans-fer functions as well as their schematic representation for some repres,entative control'- elements is contained in
Table 4.2. From this table it is evident that although the physical appearances and methods of operation for many of these devices are different, the transfer functions and therefore the time responses for many
of them are simil~.r. By considering the various control system elements from the point of view of their transfer functio~s, we are able
to determine the performance of the control system of which they form
a part.
Although the mechanical, electrical, and hydraulic elements liste.d
are shown to have linear coefficients, transfer functions can also b~
used to describe the characteristics of nonlinear devices. iik describ'ing function of a nonlinear element is a function of both amp\itude and
frequency; thus the same sort of analysis and synthesis te~h~iques can
be used with nonlinear systems as are used with linear systems. -As'
implied in Table 4.2, the describing function of a nonlineif element
assumes that the input to the element is sinsuoidal and that"the fundamental component of the output at the frequency of the inp~t is ade-
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Transfer Functions for Representativ.e Elements

Element
Mechanical
Rotary spring inertia damper
Translatory spring mass damper
Spring-dashpot (lag)
Spring-dashpot (lead)

Transfer Function
. l/n

Ol(S)

()m(S) = (J /IC)s2

+ (KD/IC)s + 1

Xes)
._ _
1---:-=Yes) = CM./K)i3 2 + (D/K)s + 1
Xes) _
1
Yes) - (D/Ks)s· + 1
Xes) _
(D/IC)s
Yes) - (D/IC)s + 1

Electrical
D-c motor (speed control)

8(s) _
1
Vacs) - IC(Tms + 1)
O(s)
Kg/KcR
D-c generator-motor (speed control) Ec(s) = 8(Tjs + l)(Tm S + 1)

Stabilizing network (lead)
Stabilizing network (lag)
Stabilizing network (lead-lag)

EoCs)

Ts

Ein(S) = rps

+1

Eo( s) = T 2S + 1 T 1 > T 2
Ein(S)
TIS
1
Eo(s)
TIT2S2
(Tl
T2)S
1
Ein(S) = TIT2S2 + (Tl
T12
T2)S
1

+

+

Hydraulic
Valve-piston (negligible reaction)
Valve-piston (spring dominant)
Hydraulic motor

Valve-piston linkage (lag)
Valve-piston linkage (lead)

N onlinearities
Time delay

Describing function G/(n)

(]I(a)

=

Ia

+

+

+

+

+
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quate to represent the actual output with sufficient accuracy. For
many nonlinearities in practical control systems this is a reasonably
good assumption.
Nonlinearities may be of an unavoidable or of an intentional type.
Examples of unavoidable nonlinearities might be backlash, dead band,
time delay, saturation, or other effects that are inherent in the equipment or- element itself. Presumably these nonlinearities can be designed to be small enough to be acceptable or steps must be taken to
minimize their effect.
Intentional nonlinearities such as nonlinear gain controls, clamping,
and limiting devices are being used more extensively to perform decision functions which can be very valuable and important in automatic controls. In many cases, the requirements of the control vary
with different conditions of such quantities as position, speed, error, and
other parameters. Use of this supplemental information in a nonlinear
fashion can be valuable in improving system performance.
A special form of nonlinearity is present in sampled-data systems
where the output of an element is not continuous but provided only
at uniform instants of time. Generally some sort of "holding" device
is provided to average the output during the times between sampling
instants. Since digital computer output data and other important input devices to control systems are digital in form, approximate .analytical methods have been developed for representing these nonlinear
portions of otherwise linear control systems.
Although the 'material that follows emphasizes the analytical approach to the "paper-and-pencil" solution of feedback control problems, the use of problem-solving machines to perform much of this
work is gaining much greater acceptance as more of this equipment is
available. General-purpose computers, both analog and digital, permit the more rapid and accurate solution of design problems, especially
those of a complicated or involved nature. With these tools, the physical problem of what takes place in the process or mechanism assumes
much greater importance and more emphasis can be placed on the
physical process, which is where it rightfully belongs.
Regardless of whether the actual form of the feedback control is electric, electronic, hydraulic, or pneumatic, the same basic principles of
design and application can be applied. In each case, power amplifications ranging from one to two up to the millions can be obtained. The
nature of the power available, the requirements of the automation
process, and the importance of such features as size, weight,. reliability,
maintenance, and performance will all influence the selection of the
most suitable form of control for the job.
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4.2.2 Controlled-Variable Response from Constant Actuating Error
An important measure of the performance of a feedback control system is the act~ating error that is required to produce a desired con- .
trolled-variable response. An appreciation 6f the nature of the relationship between the controlled-variable response and the actuating
error can be obtained by considering a simple feedback control system
with direct feedback as shown in Fig. 4.7.

c
c

c

Controller

Fig. 4.7 Simple closed-loop control system with direct feedback

The actuating error E is the difference between the reference input R
and the controlled variable C.
E(s) = R(s) - C(s)

(4.8)

The transfer function G(s) relates the controlled variable to the actuating error.
C(s)
G(s) = (4.9)

E(s)

For control systems with power elements, such as motors with
their associated amplifiers and other required stabilizing means, the
transfer function has the general form
1((1

G(s) =

sn(l

+ als + a2s2 + ... )

(4.10)

+ bls + b2s + bas + ... )
2

3

where 1( is the gain of the overall transfer function, al, a2, b l , b2, etc.,
are constant coefficients, and n is an integral positive number indicating
the number of series integrations in the transfer function.
The numerator and denominator of this equation can be factored
into a series of single or quadratic terms of the form (1
Ts) or
2,Ts T 2s2) where the T's are real numbers having the dimen(1
sions of time. For a typical case, G (s) might appear as

+

+

+

+

+

1(1
Tas)(l
TbS)
G(s) = - - - - - - - - - , sn(1
TIS)(l
'T2S) (1
Tas)

+

+

+

(4.11)
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To rewrite this equation in terms of the controlled variable and the
actuating error,
(1

snc(s)

+ Tas)(l + TbS) E(s)

---- = ----------------------I(

(1

+ TlS)(l + T2S)(1 + T3 S)

(4.12)

For a constant value of the actuating error, Eo, the value of the control variable is found to be
1 dnc(t)

I(~=Eo

(4.13)

A physical interpretation of this equation is as follows.
With n = 0, i.e., with no series integration, a constant value of the
controlled variable is obtained for a constant actuating enor. Conversely, a constant actuating error is needed to produce a constant
value of the controlled variable; the greater the gain K, the lower is the
error required.
With n = 1, one series integration, a constant value of rate of change
of controlled variable is produced by a constant actuating error. No'
error is required to maintain the controlled variable equal to a constant
reference input. A constant actuating error is needed to produce a
constant rate of change of controlled variable; the greater the value of
gain, the lower is the error required.
With n = 2, two series integrations, a constant value of the second
derivative of the controlled variable is produced by a Gonstant actuating error. No error is required to maintain the controlled variable at
·a constant rate of change with its position equal to that of the reference input. A constant actuating error is needed to produce a constant acceleration of the controlled variable; the greater the value of
gain, the lower is the error required.
Although the condition of constant actuating error is unquestionably
a unique one, the preceding material serves to provide some general
indication of the kinds of transfer function characteristic that make
for an accurate control system. Certainly, increasing the overall gain
tends to decrease the value of actuating error. Were more general
dynamic conditions considered, how~ver, it would be found that: the
presence of a number of series integrations tends to require larger errors
for a given amplitude of controlled-variable motion of any appreciable
variation with time. In addition, the presence of large time constants
in the denominator of the transfer function also tends to require larger
errors for a given amplitude of controlled-variable motion. The COll-
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ditions of high gain and numerous integrations that appear attractive
from the point of view of permitting low steady-state errors are, unfortunately, not ones that are conducive to stable operation.
4.2.3

Stability of Feedback

Contr~1

Systems

The purpose of any feedback control system is to have the controlled
variable or output of the system bear a definite and known relationship
to the desired value or reference input. Therefore it is necessary that
the response of t~e system to any temporary disturbance be a decaying
one that vanishes a reasonable length' of time after the cessation of
the disturbance .•· Systems in which the motion of the controlled variable is random or erratic and is not responsive to the reference input
function and systems in which undesired self-sustained oscillations of
the controlled variable are present are said to be unstable. It is not
merely necessary that a system be designed to be stable. It is essential that the. system be sufficiently stable so that transient disturbances will decay quickly and there will be rapid recovery by the
controlled variable.
Nyquist's stability criterion. The Nyquist stability criterion is
simple and can be employed to advantage to determine the stability of
Controlled
variable, C(s)

Reference
input, R(s)+
G(s)

Control elements,
and controlled
Feedback,
system
B(s)

C(s)

.-------"-------,

R(s)

Feedback element

Fig. 4.8 Feedback control system with control and feedback elements

a feedback control system. Consider the generalized block diagram
f:lhown in Fig. 4.8 where G (s) represents the transfer function of the
forward loop and H (s) represents the transfer function of the feedback
loop. The following relationships exist:
C(s) = G(s) E(s)
R(s) - B(s) = E(s)
B(s) = H(s) C(s)

(4.14)
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From these the resultant expression for C(s) in terms of R(s) is
G(s) R(s)

C(8) - 1

(4.15)

+ 'G(s) H(s)

The Nyquist stability criterion for such a feedback control system
can be applied with the aid of a plot of the G (s) H (s) function in the
complex plane for s = jw with all values of w from -00 to +00. Draw
j

. /w .increasing
/.#

//

------- -Unstable

'

.......

""\
\

/

!+o--w

(

\

,

\

10(1 + jO.4w)

G(jw)H(jw) = Ow)2(l +jO.25w)(l +jO.lOw)

Fig. 4.11 Position control system containing torque motor shown for unstable
condition of operation

the vector from the -1 +jO point to a point on this curve and observe
the rotation of this vector as w varies from - 00 to + 00. The simplified
form of the Nyquist criterion then states that the net counterclockwise
rotation of this vector must be zero for the system to be stable.
The examples shown in Figs. 4.9,4.10,4.11, and 4.12 serve to illustrate
some of the forms which the G (jw) H (jw) functions take when plotted
on the complex plane. Both stable and unstable systems are indicated
in these illustrations.
Attenuation-phase versus frequency stability representation. An
alternate representation of the feedback control system stability criterion is that obtained by a separate plot of the magnitude and of
the phase angle of the G (jw) H (jw) function obtained above as' a
function of frequency. This form of presentation is a result of the
work of Bode and lends itself to simplified design synthesis techniques.
To appreciate the significance of the attenuation-phase method of
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determining stability, consider the transfer functions shown in Figs.
4.13 and 4.14 in the vicinity of the unit circle. The same frequencyvarying function is illustrated for each of the three transfer functions
in each figure; however, different values of gain are used for each
case with the gain increasing fromK a to Kc. With the gain Ka there
is a margin of phase angle in each case when ~he gain of the transfer
function is unity and the systems are stable. With the gain K b , in
each case there is no margin of phase angle when the gain of the transj

....-------_ ...... ---....,
,,

W

increasing ~/
/
/

"\
\

/

/
~- ........
I-O~w·'-

I

'---'

" "-

.,./'

\

w= +00

\

I

w=-oo

GC )HC )
JW

JW.

=

+ j4w)
+jO.25w){t+jO.1O~)

0.25(1
Uw)2(l

Fig. 4.12 Position control system for stable condition' of operation

fer function is unity and the systems are on the border line of stability.
vVith ~c, the phase angle margin is negative when. the transfer function gain is unity and the systems are unstable.
By reasoning as is indicated in these illustrative examples, the following generalization may be made for systems in which the abbreviated
form of the Nyquist criterion applies: Systems having positive phase
margin when their transfer function. [G (jw) H (jw) l crosses the' unit
circle are stable, whereas systems with negative phase margin when
their transfer function crosses the unit circle are unstable.
By utilizing this abbreviated stability criterion and taking advantage of the relationships between the gain (or attenuation) and
phase characteristics as a function of frequency as described by Bode,
the stability of a system may be determined from a plot of the attenuation and phase of the open-loop transfer function as a function
of frequency. The significant region of interest, stability-wise, is in
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the vicinity of unit gain, O,decibels. Figures 4.15 and 4.16 show such
plots for stable and unstable control systems respectively. The convenience of this method of representation in system synthesis has resulted in its extensive use in control system design.
j

,,/

KeGl

Fig. 4.13 Similar transfer functions on complex plane, showing significance of
phase margin at unit circle
j

I

/

/'

..,.,-

w~o

Fig. 4.14 Similar transfer functions on complex plane, showing significance of
phase margin at unit circle

Root locus method. The root locus method of describing the stability
of a system indicates directly the,Jocation of the roots of the c1osedloop feedback control system: As such it specifies as a function of the
open-loop gain, the decrement rates, and the oscillation frequencies for
any disturbance to the system. The basis for the determination of
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the loci of the roots is the characteristic equation, although here again
the actual open-loop transfer function is used as a starting point for
the graphical analysis.
From eq. 4.15 the denominator of the expression for the controlled
variable is 1 + G (8) H(8) and the condition for which this is equal to
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zero is G(s) H(s) = -1. For this equality to be realized, the phase of
the term on the left must be 180 degrees and its magnitude must be equal
to unity. A plot of the locus of all the points for which the phase is
180 degrees, or odd multiples thereof, is known as the root locus. It is
along this locus that the roots of the closed loop of the feedback· control system lie.
Figure 4.17 shows such a locus and indicates the specific location
of the roots for increasing values of [( from [(1 to K4 as shown. The
jw

/

Ka

t
t.

IK4

)Wo

I

Kz
K4

....

Ka K z Kl

tI
I

jw

K fK

1
1
I
.... ...... x-------x:::=T=-x-.l-·--l/Tz
-llTl ,
10 +0'
\

Kz~

\
\
Ka'

\
\K4

Fig. 4.17 Effect of loop gain on the position of the roots along the locus

locus has its origin at the roots of the open-loop transfer function and
the roots gradually move along the locus as the gain is increased
until a gain, such as Ka in the example cited, is reached where the
system has zero damping and oscillations of a frequency we (as shown)
are sustained. Another root corresponding to the same gain Ka lies
along the negative real axis and has a relatively high decrement rate.
Since the locations of the roots of the closed-loop system are known,
the actual values of the time for the transients to decay are known directly from the plot of the root locus. Likewise the oscillation frequency of the transient can be determined, in radians per second, for
the value of gain selected. It is also possible to indicate, by straight
lines through the origin, the loci of positions of roots having a constant
ratio of decrement rate to oscillation frequency.
The process of determining the locus of the roots of the closedloop feedback control system has been greatly speeded up as a result
of the work of Evans and the use of his spirule. In addition to these
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graphical methods, analytical methods have been developed to facilitate the exact calculation of the closed-loop roots of the system.
4.2.4

Frequency Response

The frequency response of a control system is a plot of the magnitude
of the ratio of its output to its input as la function of frequency for a
sinusoidal input. Figure 4.18 shows the magnitude and phase angle
M
1.2
1.1
1.0
0.9

l---"

0.8
0.7
0.6

o

\M

1-1-

-..........

a

........ 1\ I

,

1\

~
a'\

\.

0.5
0.4
0.3

~

r\'\ '

\
,1\

0.2
0.1

,,~

~

o

.........

~

~

r-t--

10

1.0

0.1

r-

-20
-40
-60
-80
-100
-120
-140
-160
-180
-200
-220
-240
-260
-280

e~

~

~
.~

~
~

~

0...

100

w in radians oer second

Fig. 4.18 Magnitude and angle of closed-loop frequency response

of the closed-loop frequency response of a simple feedback control
system. Although control systems in practical applications may
seldom be subjected to pure sinusoidal inputs, nevertheless, the ease·
with which stable and accurate systems may be designed and checked
makes the use of the frequency response approach a convenient method
of describing system performance.
From eq. 4.15, the frequency response of a feedback control system
with direct feedback, i.e., H (8) = 1, can be written as

c
where M =
a =

I~ I

R

G(jw)

1

+ G(jw)

=

Mei(X

(4.16)

= ma;'itude of ratio of controlled variable to refer-

ence input
angle between controlled variable and reference input
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Figure 4.19 shows how the complex-plane plot used to determipe the
system stability by Nyquist's method can also indicate the ratio of
C/R. The distance from the -l+jO point to the transfer function
plot is proportional to R/E at the particular frequency. As such it
is inversely proportional to the error function E/R. The distance
from the origin to the same point on the transfer function is proportional to C/E for the same frequency. Hence the ratio of C/R =
(C/E)/(R/E) for each point on the complex plane is unique, and freC

R

G(jw)

_ OP _
BP -

= 1 + G(jw) -

M

jc.

e

j

!i
E

= 1 + G(jw)
p

Fig. 4.19 Conventional form of complex-plane diagram for control system

quency response information as well as an indication of stability are
available from the single complex-plane plot. Figure 4.20 shows a
plot on the complex plane of the loci of constant values of the magnitude C/R = M.
By utilizing the basic frequency response concepts, a number of
ways of representing the stability and performance problems have
been derived to facilitate the design and synthesis of control systems.
The reader is referred to texts devoted to the subject of feedback
control for more detailed information on such design techniques
(1,2,6).

For many control systems it is ppssible to measure experimentally
the frequency response. In these instances specifications on the control system performance may be made in terms of such quantities
as C/Rlm (= Mm), the m~ximum of the frequency response ratio,
and Wm, the frequency at which C/Rlm occurs. For most control system
~pplications, satisfactory values of C/R 1m are less than 1.4. Since in
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a number of control system applications the input can be described
in terms of an equivalent sinusoid or sinusoids, the magnitude and
phase shift of the frequency response of the system can be used to
determine the system performance under these input conditions.

-2r----r----+---~--~~~--+_--_+----~

-3r----+----+---~--~~~--+_--~----~

-4r----+----+-~~----~_4--+_--~----~

-3

-2

-1

o

Fig. 4.20 Loci of constant values of the magnitude C / R

4.2.5

2

=M

Transient Response

The performance of a control system is frequently judged on the
basis of its response to a transient input consisting of a step function
of position. Such an input is frequently encountered in practice and
is generally easy to obtain experimentally. Further, the system
response to such an input is frequently stipulated in the control system
specifications. Figure 4.21 indicates a comparison of the frequency
response and the transient response to a· step input' for a particular
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system. Performance values that are of interest for a transient step
input are the ratio of the magnitude of the maximum of the transient
output to the value of the input 7 C IR Ip (= Mp) 7 and tP7 the length of
time it takes 7 from the start of the transient 7 for the maximum of the
transient output to occur.

i- in decibels III

----

o

W,

radians per second

(a)

:i, a numeric 1---Steady-state
frequency response
Wm

W,

radians per second
(b)

~, a numeric
1.0

Transient response following
a step function input
f---I--+--\---/--P"-:--=

2.J
Wt

(Approximate graphical value)

O/'---........L.--------t, seconds
(c)

Fig. 4.21 Sketches showing nomenclature used to describe various characteristics
of servomechanism performance

Also of interest are tS7 the length of time it takes 7 from the start of the
transient, for the output to continue to differ from the input by less than
a small fixed per cent, and Wt, the lowest frequency of oscillation
of the transient response.
For feedback control systems in which the transient response is of
principal importance, determination of the transient performance may,
as in the root locus method, take the form of finding the decrement rate
and the frequency of the oscillations of the system. The actual magnitude of the transient response as a function of time can also be estab-
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lished when the values· of the roots of the system are known.
time response jet) may.b~ expressed as

The
(4.17)

where
Ck

=

[(s:- Sk) :A(S)]
B(s)

8=8k

and A (s) /B (s) is the response function of the control system subj ected to a step function input. Graphical means may be employed
utilizing the root loci, or, when sufficient accuracy is required, exact
calculation of the complete transient response can be performed.
Approximate methods of determining the transient response from
the frequency response characteristic have been developed by Floyd
for use when accuracy of a few per cent is sufficient. These methods
are particularly valuable where frequency response methods of system design have been used and a refined estimate of the transient response to a step input is sought. The inverse transformation of transient response data into frequency response form has also been reduced into a routine process. This operation is particularly useful
in permitting· experimental transient response measurements to be
expressed in terms of their equivalent frequency response.
For approximate, rule-of-thumb purposes it is convenient to be
able to relate a few significant performance criteria for frequency
response and transient step inputs. For typical position controls, in
the range 1.0 < C/Rlm < 1.4,

£1R > £1R
m-

(4.18)
p

As C/Rlm approaches unity, in some cases c/Rlp may exceed C/Rlm
by a few per cent. When C/Rlm approaches 1.4 or greater, c/Rlpis
less than C/ Rim. Thus by limiting~he value of C/ Rim in design, a
satisfactorily small value of C/Rlp tends to be obtained.
The frequency response and the transient response characteristics
are somewhat reciprocal. As the range of frequencies covered by the
frequency response is extended, the time required for the control to
reach its peak transient value is decreased. For many representative
position controls the ratio wctp ~ 3.5 is valid. The frequency at which
the open-loop transfer function has a magnitud~e of unity is We and tp is
the time it takes for the transient response to a step input to reach
its maximum. Thus, for example, if the time required for the tran-
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sient response to reach its peak must be less than 1 second, We must
be 3.5 radians per second or greater.
Although these empirical rcllitionships between frequency responsc
, and transient response charactetistics are of use only for approxima, tion purposes, they serve to indi~!1te some helpful relationships between these two different ways of describing system performance .
.'

Co.h,t.rol Systems
The primary function of a feedb~:bk control system is to cause the
. controlled variable to be equal to the reference input, subject to the
independent action of a number of external conditions. During the

'4.2.6

Effect of Disturbances to

c
c

Fig. 4.22 Block diagram of a servomechanism having more than one input

coiIrse of operation of the control, these external conditions may vary
· from their nominal values over a fairly wide range, and the effect on
the performance of the system must be determined and made to fall
within acceptable limits. Varying external-load torques in a speed
control and air gusts in an airplane altitude control are examples of
such disturbances. The effect of these disturbances is to introduce in
the system an extraneous input that also affects the value of the controlled variable. Figure 4.22 illustrates the general case of a feedback
control system having two inputs, R1 the one the controlled variable C
· is ~.upposed to follow, and R2 a disturbance input independent of
R 1 • The transfer functions of the control system elements indicated
are G1 , G2 , and H.
'\
If the two inputs are applied simuitaneously, the expression for the
controlled variable '~s
G1G2 R 1
G2 R 2
C = - - - - 4- - - - (4.19)
1 + G1G2 H
1 + G1G2 H
Thus it will be noted that equal amounts of the inputs Rl and R2
may produce markedly different effects on the output C, depending
· on the value of G1. With R1 the input that must be transmitted,
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th~ low-frequency region. This
fact will help establish the ratio of Gl G2 to 1 + Gl G2 H. The ratio
of C/R2 can be related to that for C/Rl as

C /Rl will be approximately unity for

C

1 C

R2

G1 Rl

(4.20)

If the R2 input is an undesirable disturbance that should be eliminated

from the output, then at low frequencies it is n'ecessary for Gl to be
_:''''''~~
as large as possible.
Paying attention to considerations such as these-the reference inputs the controlled variable should follow and the disturbances the
controlled variable should not follow-permits a more acceptable overall control system design.

c

Fig. 4.23 Block diagram showing desired input and noise input to a feedback
control system

Disturbance inputs in the form of noise or other extraneous signals
may also appear in the reference input to a control system. Figure
4.23 illustrates how a. disturbance signal or noise, UN, and the desired
input value, V, may combine to form the reference signal, R, which
serves both as the resultant input to the system and as the value which
the controlled variable C endeavors to follow. Since the desired and
the disturbance signals may differ in their magnitude and/or frequency characteristics, it may be _possible to affect one more than
the other with the proper selection of control syst~m performance
characteristics. Cognizance of the presence of the extraneous signals
must be taken in design of the feedback control system so that the
effect can be minimized in the output.
Feedback controls used in conjunction with automation processes
may have to accept a wide range of disturbance inputs. Either the
control must be designed to operate satisfactorily in spite of these inputs or the overall system design must be modified to reduce the amount
of the disturbance inputs initially present.
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4.3

MULTIPLE CONTROL SYSTEMS

The preceding material has served to point up some of the techniques
and considerations that are' an important part of feedback control per
see Since in many automation processes individual feedback control
systems play an important part, it was worth while to place this emphasis on feedback control apart from automation as such. In the
material that follows, more attention is placed on the feedback control problems associated principally with automation,
4.3.1

System Synthesis

The repetitive nature of the automation process and the high level
of performance obtainable with automatic control may permit unControlled
C variable

(a) Closed-loop system

Reference
input,

R

Controlled
variable

c
(b) Closed-loop plus open-loop system

Fig. 4.24 Closed-loop control contrasted with combined closed-loop and openloop control

usual and novel arrangements of controls that are not used under
manual or semiautomatic production methods. Since the control requirements of feedback control influence. appreciably the nature of
the equipment to do the job, considerable thought and attention should
be given to various ways of mechanizing a given automation process.
In some feedback control systems the desired controlled-variable
performance is obtained by using only a closed-loop system such as
is shown in Fig. 4.24a. In this system the entire controlled-variable
power is handled by the controller, and an accuracy of 1 per cent for
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the control system output means an accuracy of 1 per cent in terms of
the output of the controlled system.
Another solution to this problem, :shown in Fig. 4.24b, is to use an
uncontrolled system (i.e., an open-loop control) to produce Cl , the
major portion of the controlled-variable output, with a controlled system (i.e., a closed-loop control) to produce C2 , the remaining portion
of the controlled-variable output. In a system of this sort, the bet,ter
a job the uncontrolled system can do, the less exacting are the demands
of the controlled system. However, in many cases the cost of :improving the performance of the uncontrolled system beyond a certain
point becomes much more expensive than would be the cost of the
auxiliary controlled system.
. If the uncontrolled system can supply 90 per cent of the resultant
system output from a power and from an accuracy point of view, the
controlled system needs to be designed to be capable of handling .only
10 per cent of the power and motion. To obtain 1 per cent accuracy
for the overall controlled variable, an accuracy of only 10 per cent
of the maximum value of the controlled-system output, C2 , is needed .
. J. R. Moore has written an interesting paper describing a number
of combined open-loop and closed-loop control systems and has indicated how improved system performance can be obtained by utilizing
open-loop components in conjunction with closed-loop controls having
less exacting performance requirements (16).
In addition to the synthesis of the general system configurat~on,
there are other important considerations that should be given t~ the
control system design. By modification of the reference input to ae.,:
count for systematic errors caused by the nominal characteristics of ithe
control system, it may/be possibl~to reduce appreciably the systematic
repetitive errors in the process. The location of the error-sensing
means, the rigidity of its mounting;, and its associated dynamic response
also influence the degt~e of diffi~ulty of the control problem. ' The
presence of backlash ot hysteresis in either the power or measuring
portion of the control is also to Qe avoided. In automation applications, especial emphasis must be gIven to supplemental judgment controls such as limits, stops, and safety features that in a manual system
might be supplied by the qperator. Frequently, these considerations
described above are decisive in establishing the worth of a feedback
control s y s t e m . "
4.3.2

System Integration and Interconnection

In addition to the problems associated with each control in an automation process are the problems of all the controls acting together.
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A consistent overall objective in terms of product output, accuracy,
reliability, and other criteria of performance, must be established and
adhered to throughout. When closed":loop operation of the complete
automation process is employed~ the stability and accuracy of this
loop must be maintained. Design meth()ds for establishing satisfactory
system performance, similar to those"employed in the individual controls, should be used for the overall loop.
A system design approach known as, ~'schedule and trim," which
has been useful in regulator design/ lends itself to application in some
automation processes. The idea underlying schedule and trim is that
for a certain desired output condition there are nominal values for a
nu~ber of the control elements that make up· the control process.
These nominal values are therefore scheduled directly along with
the reference input. However, owing to the lack of uniformity of the
controls and the process, the no~~inal values are not adequate and
it is:necessary to trim the scheduled values to account for the discrepancies between the scheduled values and those necessary to achieve
the 'overall desired result. Therefore, the trimming control is done
automatically in a closed-loop control. Figure 4.25 shows in schematic
form an example of the schedule-and-trim approach to the control
system problem. The trim effect is shown as a summation of feedbacks from the element directly involved as well as from other elements in the system.
The nominal control selector may contain reference, schedule, and
even feedback functions that vary' with the desired conditions of operation. As such it tends to provide a good deal of the counterpart
of the human intelligence that is essential to satisfactory manual operation of a control system. The manpower and material required to
determine and provide the control selector function tend to be of a
greater degree of complexity than those required for the corresponding
manual control equipment.
The interdependent nature of tJie various portions of the automation
process makes it possible to interrelate, in terms of cause and effect,
the results in one portion of the coritrol process with action preceding or
following it. Cross-connecting of control signals or automatically
utilizing gain or speed-changing devices may permit a smoother operation of the overall control system without requiring complete closedloop operation of the automation process. Figure 4.26 indicates
schematically how cross-connecting of control signals can be accomplished on a particular cutter control.
System integration also implies the proper selection of power supplies and the choice of the most suitable form of power controls,
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whether they be electric, electronic, hydraulic, magnetic, pneumatic,
or combinations thereof. The design of interchangeable units for
min'imizing the spare-part requirements and the provision 'for easy
maintenance and checking means are likewise part of the system integration problem. These practical considerations represent an important phase of the design of an automation system.
Cross-feed
reference input

R

+

I---"-~-+-~

I
r

Error

_Speed _ _ _
Desired
longitudinal
feed speed

Cross-feed
position of
cutter

J
Longitudinal
position of
cutter

Fig. 4.26 Schematic diagram showing cross-connection of control signals

4.4

EXAMPLES OF AUTOMATION IN INDUSTRY

Many people in industry view automation as the end objective of
an evolutionary process in manufacturing that consists of three major
phases-manual production, mechanized production, and automation.
The principal phases in which advanced industrial activity is taking
place at present are those of mechanized production and automation.
In mechanized production the machinist sets up his work, the machine
under some controlled program turns out or cuts the work automatically,
and then the worker takes out the work which is now ready for transfer
to the next step or operation. Examples of mechanized production
include position tracer controls in one, two, or three dimensions, photoelectric tracer controls, and record playback controls. .
In the automation phase the worker is not a direct part of the production process. The transfer of the work from one operation to the
next takes place automatically. Such industries as rubber, steel, paper,
printing, foods, textiles, the electric industry, and the automotive industry, where means have been developed for transferring the work from
one operation to the next, are ones that lend themselves to automation.
Examples of automation from the steel industry will be cited as indicative of existing installations.
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Position Tracer Controls

Position tracer controls are ones in which a model or template of
the desired form is traced by a stylus and the cutting tool follows a
corresponding pa~h to shape the actual work. These controls vary in
Motor

Tracing

head

Fig. 4.27 Single-dimensioned control employing tracing head and mechanical tie
to spindle motor

complexity from a simple single-dimension control to more complicated controls for two~ and three-dimensional shapes. Hydraulic, electric, and combinations of both have been used for both signal and
motive power.

Fig. 4.28 Single-dimensioned control employing selsyn tie between tracing head
and spindle motor

In the single-dimension control, a single direction of feed motion is
controlled from the template while the. longitudinal direction of machine motion is independently controlled. The two motions combine
to produce the shapes required. This is illustrated in Fig. 4.27. In
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such a system, expensive power cams are eliminated and the machine
construction is simplified.
Single-dimension tracers depend upon the relative displacement of
the tracing stylus with respect to the tool, i.e., the actuating error, to
provide the necessary feed speed to obtain a given slope on the work.
This displacement along the axis of the controlled feed motion results

Horizontal feed
(column)

Fig. 4.29 Two-dimensional machine for profiling applications

in an error in the work. In addItion to the velocity error that is proportional to the feed speed, other errors proportional to the rate of
change and higher derivatives of feed speed occur. Thus, as the independent feed speed is raised or as increased feed slopes are encountered, both requiring higher tracer-controlled feed speed, the error
is increased. When the slope of the work, the tolerances, and the feed
speeds are known, this information can be used with machine performance data to determine what control system performance is re. quired to meet the desired error tolerance in the finished part.'
.As the size or mechanical complexity of the machine increases, there
may be problems in mounting the template or tracing head con-
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veniently. In such cases the single-dimension electric tracer control
system can be modified to permit remote mounting of the tracing head.
This is illustrated in Fig. 4.28 where a selsyn generator control-transformer system is used between the spindle and the mechanical tracing
head. The spindle is moved in or out to match its selsyn position to the
one driven from the tracing head. Although this system has greater
flexibility in mechanical design, it is subject to the same sort of control system analysis as was the previous single-dimension control.

Fig. 4.30 Large milling machine having two-dimensional tracer control

For profiling work, where the tool may be required to trace completely around the work, two-dimensional tracer systems are used. As
illustrated in Fig. 4.29, two motions of the machine at right angles to
each other are controlled automatically from a single tracing -head.
The signals from the tracing head are combined in the electronic control panel to provide for constant feed speed of the cutter past the
work, regardless of direction. This system operates with a constant
deflection of the tracing head so that velocity errors such as were
present in the single-dimension system do not occur. However, errors
dependent on the rapidity of change in the direction of feed may result. Applications of this two-dimensional type of tracer control have
been made to vertical boring mills, small milling machines, and large
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milling machines, such as that shown on Fig. 4.30 where 25 horsepower
is required for this control alone.
For machining cavities such as dies and forged parts, the "selective
two-dimension tracer" is used. With this system, each of three coordinate motions is powered, but only a selected pair are controlled
simultaneously from a single tracing head. This system is illustrated

1. Table and head
2. Saddle and head---L..J.LI
3. Table and saddle

Saddle

Headstock

~-:-7-Column

Fig. 4.31 Three-dimensional machine, selective two-dimensional operation in
three mutually perpendicular planes

in Fig. 4.31. Any pair of axes can be selected to machine in the desired plane. The control is similar to the two-dimension system described previously. The difference is in the type of tracing head used.
This must be responsive to motion in three coordinates; hence it is
more complex mechanically than the two-dimension head.
The tracer control systems that we have looked at have been ones
using two- or three-dimension master shapes traced by a tracing head
using a mechanical stylus to contact the master. Where tolerances
permit, a photoelectric tracing head can be. used to follow a line on
a drawing. Such an application is shown in Fig. 4.32. In this particular case the machine was used to make masters for aircraft jet-engine
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blades. A small milling machine was used· and the motions of the
machine were driven from selsyn motors which were in turn supplied
with power from selsyn" generators driven by the feed motions of the
line follower machine. A gear reduction is provided at each motion
on the milling machine so that reduction in size between this line
drawing and the machined part is 'possible, with corresponding improvement in accuracy. A number of variations in the type control

Fig. 4.32 Developmental tracer control using photoelectric tracing head with
small milling machine

to be used in photoelectric tracing suggest themselves for different applications, depending on the requirements of the job.
4.4.2

Record Playback Control

The position controls described above are-ones in which the reference
input information controlling the machine is mechanically stored.
In the record playback control, the information used to control the
motion of the machine is stored on magnetic tapes in the form of recorded signals, in much· the same fashion as magnetic tape is used
to record sound. Figure 4.33 shows a machine with two milling heads
that can be controlled with such a system. When under tape control,
the motions of the table, the head cross-feed and the rise and fall of
one ,head are all automatically· controlled. The tape-handling equip-

FEEDBACK CONTROL SYSTEMS

81

ment and control for the various motions are shown in Fig. 4.34. Approximately a one-sixteenth-inch width of tape is required for each
motion recorded. A l-inch-widetape is used; 4800 feet of tape in a
14-inch-diameter reel ar~ suitable for 1 hour of machine operation.

Fig. 4.33 Record playback installation in· which table and head motions are
controlled

When making a recording of the machining of a desired part, the angular positions of the various feed motions are continuously recorded.
This is done by means of signals produced by small selsyns which
produce voltages proportional to their angular positions. These
selsyns are directly connected to the feed drive motors. A reference
sigutl1 is also recorded qn the tape, at 200 cycles per second. It is this
reference signal, and not the length of tb:e tape, that is 'the true base
against which the revolutions of ,~he various feed motions are compared.: Thus any dimensional ch~nges in the length of the tape· due
to teI1;lperature, humidity, or other cause,s do not in any way affect
the accuracy of playback.
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On playback, the' reference· signal is used to create excitation voltages which .are then used to excite the same selsyns connected to the
motors. The position of each feed motor is checked against the reI

Fig. 4.34 Record playback tape-handling equipment and control

corded program 400 times per second, and any error in its position from
the originally recorded position initiates corrective action in the control. The driving motors are supplied with signals from amplidyne
generators which in turn are controlled by the tape signals. Thus the
motors are made to follow the same program with respect to the ref-
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erence signals as they originally went through during the recording
operation and the desired part is thus produced.
The feed speeds and accuracies obtained are of the same order of
magnitude as those obtained with a good tracer-controlled machine.
In addition to controlling the feeds of the machine, the record playback
system also controls on-off functions such as starting and stopping
spindles, turning on coolant, and shifting from one milling head to
another, all functions normally controlled by the operator. This system has resulted in increased production and reduced spoilage in the
machining of complex parts. Only useful productive motions need be
recorded and any erroneous motions may be "erased" and rerun.
Costly templates are replaced by the magnetic-tape reference.
4.4.3

Steel Mill Controls

The steel industry has been a leader of the basic trend in American industry of making and handling more and more material in

Fig. 4.35 Six-stand hot-strip steel mill

strip form. Other industries making and processing brass, copper,
aluminum, textiles, rubber, plastics, and paper have also made good
use of this means of increasing production and decreasing unit costs.
Mills in these industries through the years have increasingly gone to
"continuous automatic production." Speeds of the order of 7000 feet
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per minute and powers as high as 28,000 horsepower have beenllsed
to supply some steel mills. Although. automation at this power level
is not what we think of first when automation in business and industry
is mentioned, nevertheless the problems of economy, reliability, ~ain
tenance, and performance are common to both forms of automation.
Figure 4.35 shows a hot-strip steel mill in operation and gives an idea
of the size of equipment involyed in one portio~. of the process. The

Fig. 4.36 Conversion equipment and drive motors for l,arge blooming mill installation

conversion equipment and drive motors required to power large blooming mills is also impressive, as demonstrated in Fig. 4.36. With the
finished value of the product output of such a mill amounting to
$1,000,000 per 24 hours, it is apparent that high performance, good
reliability, and ease of maintenance are all essential.
4.4.4

Voltage Regulation

Extensive use is made of the basic form of the Ward Leonard system for control of d-c motors in these mill applications. Voltage,
current, speed, tension,an~ loop position are some of the quantities
/ that may be controlled ih ~ills of this sort. Figure 4.37 shows a block
diagram of a stand voltage regulator for a tandem cold-strip mill and
indicates the multiple-lbop feedba~k control system that is required
to control only one variable in a~ continuous automatic production
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process. The compensation term for voltage drop due to resistance
(IR) represents in part the effect on this particular control of other
portions of the process. As such it serves as an example of an interconnected control, which was mentioned previously as being beneficial
in integrated control- systems. The generator field exciter voltage is
a nominal value of voltage that is used to establish a nominal output
voltage for the generator, a scheduled value in terms of the scheduleGenerator
field
volts
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Fig. 4.37 Block diagram of stand voltage regulator for tandem cold-strip mill

and-trim philosophy. The regulator exciter (RE) amplidyne provides the trim feature and is operated closed-loop to provide the output voltage control for the generator. The ohmic drop (OD) amplidyne serves as a power amplifier to raise the voltage and power of
the feedback signals that control it.
4.4.5

Magnetic Loop Control

The magnetic loop control was developed to fill the need for a faster,
more dependable, easily maintained control for loop position in steel
mill pickling lines. A schematic diagram of such a control system is
shown in Fig. 4.38. An acid-proof magnetic pickup rests in the bottom
of-the tank. It keeps the strip near the tank bottom for maximum
pickling efficiency but does not allow the strip to scrape the bottom of
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the tank. The output of the pickup unit is amplified through an
amplistat and amplidyne to' control a buck-boost generator in series
with the armature of the pinch roll drive motor. This system controls the speed of the pinch rolls to regulate the position of the strip
loop.
Entry pinch

Delivery pinch

roll

roll
To shear and
trimmer

From
storage pit

Amplistat
amplifier
cabinet

Motor

Amplidyne
motor-generator set

Main generator
Generator

Motor

Fig. 4.38 Schematic diagram of magnetic loop control system for steel mill
pickling lines

In the amplistat, the loop position signal from the pickup unit is
compared electrically with a voltage reference. The reference is set
during installation adjustment, and usually no further change is necessary. The reference determines the normal position in which the
control will hold the steel strip. The difference signal is amplified by
the amplistat and the output is fed into the amplidyne.
The magnetic loop control is a position regulator which, to provide
stability, utilizes a signal proportional to the rate of change of the position being regulated. This signal is the derivative of position or of the
strip speed. Tachometer generators are used on the motors at each end
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of the tank. The two voltages are compared and the resultant relative
speed signal tells the amplifier whether the strip is moving up or
down. When the relative speed signal is zero, the loop height is not
changing. When the pickup unit signal is normal, the amplistat uses
the tachometer difference signal to hold the entry pinch roll speed in
synchronism with the delivery end-roll. Thus accurate synchronization of pinch roll speed tends, within limits, to hold the strip loop at
normal height, regardless of strip speed. The pickup unit detects and
causes the control to correct any tendency of the loop to drift up or
down.
The loop control is automatic. The operator has only to look at the
loop position meter whenever he wants to know the loop height, and
even this may be remotely located. The process indeed is one of
"controlled continuous automatic production" and well qualifies as part
of an a utoma tion process.
4.5

SUMMARY

The economic pressures on our economy are forcing us in the direction of automation. The process, the tools, the techniques, and the
components are available to do a far greater job of automation than
is currently being done. In many instances design methods for feedback control systems are available to handle the individual controls as
well as the overall automation process.
The challenge and the opportunity for engineers in the field of
automation are the need for ingenuity and originality in conceiving
better ways to perform these processes continuously and automatically.
Inspired design of new devices, intelligent usage of existing devices,
and creative thinking in putting the systems together, all these and
more are asked of the engineer.
Especial emphasis is placed on the need for reliable performance,
ease of maintenance, and simplicity at a cost that is economically acceptable.
Although automation tends to 'relieve man of many monotonous and
arduous tasks, it does not appear to supplant him in the need to create,
design, build, and maintain the equipment that will, through automation, provide man with a more abundant life.
4.6
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5.1

BASIC CONCEPTS OF INDUSTRIAL, INSTRUMENTATION

The subject to be discussed iIi the following chapter deals, as indicated by the title, with two basic industrial devices: (1) instruments
and (2) automatic controllers.
Definition of Industrial Instruments
In order to clarify the subject under discussion, we shall define an
"industrial instrument" as a device which represents the magnitude
of a process variable by a corresponding displacement of an index mark
(analog) or a number (digital). Emphasis in this definition is placed'
on the translation of the variable into a common language, i.e., a displacement, s, or a number. Examples of such instruments are: dial
gages, recorders, U gages, watches, micrometers, and oscilloscopes.
5.1.1

The Concept of I!Translators"
Common to all of these devices is the output "displacement" or
"stroke." This class of instruments-"translators"-may be represented by a box with an "input," a variable to be measured, and an
"output," a stroke, i.e., the displacement of a pointer relative to a
5.1.2
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scale (Fig. 5.1). (As used here the term "translator" includes "transducers" as well as other devices such as a lever or a scale.)
In order to avoid the time-consuming effort of drawing boxes or pictures as in Fig. 5.1, we shall use a symbolic shorthand, which can
be handled by typewriters, with the input over the output variable,

(uls) symbol
Stroke
displacement

Process
variable

~

Input: pressure (p)
Output: pointer
displacement (s)

(pIs)

Input: constant velocity
(time) (t)
Output: velocity = dial
indication (s)

(tIs)

Input: voltage (time) (e)
Output: transient (s)

[els(t)]

Pressure gage

@

J

Watch

Oscilloscope

Fig. 5.1 Typical examples of "instrument-type" translators: pressure gage, watch,
oscilloscope

for example, pis for a "pressure gage." As the subject under discussion
is further limited to "industrial" instr:umentation as compared with
the broader subj ect of scientific instrumentation, it is submitted that
the difference between these two types of instruments lies in the ultimate purpose for which they are designed.
5.1.3

Industrial versus Scientific Instruments

The purpose of an industrial instrument is to furnish information
to an observer that will enable him to make decisions relative to the
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plant variable that the industrial instrument represents. The purpose
of a scientific instrument is to enable the observer to establish facts.
If this interpretation is accepted, it will be noted that the operator
as the receiver of the "intelligence" or the "communication" becomes an
important link in the process of measurement, and even the closed
loop, which, if mechanized, means an "automatic controller," is implied in the expected decision of the operator.
From the above, a number of far-reaching conclusions follow, conclusions which, if overlooked in the design or in the specifications, result in mismatching of process, instrument, and operator. For this
reason the "human engineering" approach has emphasized in recent
years the need for designing instruments having both language and display which the particular operator can understand and use under the
particular conditions of his environment. Examples of poor design
are the domestic-type fever thermometer and the poorly illuminated
miniature dial gages which are read by a furnace operator who is
temporarily blinded after having looked into a furnace.
5.1.4

Instrument Application and Accuracy

Another consequence of this basic definition is a call for a re-examination of the questions (1) what to measure, and (2) what accuracy
to demand of the instrument. Perhaps the most difficult question to
decide upon is what to measure in a process. This question, which is
one of establishing a correlation between desired end-product qualities
and process variables, will be dealt with later on.
With regard to accuracy it can be stated that an accuracy specification beyond the need of the particular plant operation can be a handicap rather than a desirable feature. It would be useless and confusing
to give· the janitor of a building a temperature-measuring bridge circuit
which measures with an accuracy of 1/10000 F-even if it were available at the time as surplus or at the same price as an ordinary thermometer with a maximum of 1/2 0 F or even coarser subdivisions. A
liquid-level indicator measuring with the accuracy of a vernier gage
would be just as useless in most cases.
The question, what is the desired or required magnitude of the instrument divisions, is not always easy to answer; since the complications of design, space requirements, cost, and maintenance are vitally
affected, much fundamental cooperative work by human engineering
groups, plant designers, instrument manufacturers, and plant operators is needed. The amount of effort necessary in particular cases is
best illustrated in following the evolution of the flight cockpit instru-
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mentation, a task of a remarkable magnitude, in both man-hours and
cost.
Some good examples of matching operator requirements and instrument outputs are to be found in "high-low-normal" gages of automobiles and "ready-to-defrost" indicators of refrigerators. These
latter examples, however, should not mislead us to assume that "error
type" indicators are in all, or even in most, cases best for the needs
of an operator. In analyzing the problems of an operator, it will be
necessary to study his particular requirements carefully. It is only
natural to expect that, for instance,the operator of a prototype plant
with a scientific interest in the plant behavior may have requirements
quite different from those of the accounting operator or of the production people.
5.1.5

Different Needs for Different Operators

Mr. D. Boyd, who has contributed so much in basic thinking to the
field of instrumentation, illustrates this point 1 by means of the dia-
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Fig.5.2 Preference of various users for various instruments (Courtesy D. Boyd)

gram shown in Fig. 5.2. On the left-hand side different types of instrument users are enumerated, and on the top of the columns different
1

Personal remarks to the author.
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types of instruments are tabulated .. In all of the first three instruments
listed it is assumed that an automatic controller is added as a separate
item. The fourth instrument, a recorder-controller, of course, incorporates both features in a single unit.
It will be noted that the information provided by certain instrument types is satisfactory to the research engineer or the accountant;
however, in the particular case analyzed, the operator preferred the
combined recorder-controller for the following reasons: (1) closeness
of the record, representing a memory storage, to the adjustment of the
control setting; (2) continuous and complete record and indication of
the specific variable; (3) one recording scale factor only, one which
can be easily correlated to the setting of the control dial adjustment.
It will also be noted that the instrument service engineer, because
of his different background and purpose of action, is easier to satisfy
than this particular operator. The obj ection of the service engineer
was mainly directed against intermittent-type multiple recorders which
make his job of adjusting controls difficult; but the research engineer
may prefer this type of instrument for his purpose of logging average
values.
It was stated that the diagram of Fig. 5.2 applies only to a particular
plant, and it is necessary for the product engineer to examine carefully
and analyze the specific requirements of the· production process as
well as the background and needs of the operators who are to run
the plant. An interesting problem in this connection is presented by
plants which have to be operated by unskilled workers or by people
who speak foreign languages, with technical supervision by people
who speak only English.
In order to find our way through the multitude of instruments and
controls now available to the user and to ~nd a more rational approachto their analysis and design, it appears promising to go back to
fundamental concepts.
Basically any device with dynamic characteristics can be considered
as a box with an "input" and an "output," as we have seen before.
In order to catalog such "translators" of "inputs" into "outputs," it
was found to be convenient to design a simple reference chart with
various inputs and outputs.
5.2

THE TRANSLATOR CHART

In Fig. 5.3 the vertical column represents· the inputs, starting with
the building blocks of the mechanical engineer,i.e., stroke, pressure, and
force, and continuing further down with electrical variables like volt-
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age, current, frequency, etc. Anyone of the pigeonholes in the chart
represents a reference filing cabinet for a "translator" of any given
input variable into the same or any other output variable. For in-
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Fig. 5.3 The "translator chart"

stance, the translator, stroke/stroke = sis, in box number 1 represents
devices that translate one stroke into another. As shown in Fig. 5.4, a
number of basic units will be covered by this symbol.
The indices in Fig. 5.4 indicate the class, A, B, C, and D, to which
the device belongs. Thus:
"Class A" symbol (Sl/S2)a is a direct linear or nonlinear translator.
"Class B" symbol (Sl/S2)b is an indirect translator with two or more trans-
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lation stages and with more than one variable, with a not necessarily repeatable relationship between input and output.
"Class C" symbol (SI!S2)c steam is a translator employing outside power
without a necessarily repeatable relationship.
"Class D" symbol (SI/ S2)}lydraul is a servoloop using outside energy and
feedback, and a definite input-output relationship.

Translator
(sl/s2)a

Class
B

(sll S2)d hydraul

Fig. 5.4 Four basic types of sf s translators: A, direct proportional; B, proportional; C, proportional with outside energy supply; D, direct proportional with
outside energy supply and feedback

5.2.1

Symbolic Translator Equations

The device B of Fig. 5.4 can be described in a pseudo equation as:
(sdph

+ (P!S2)a

= (SdS2h

In this equation (sl/ph (the bicycle pump) is of class B; (P/S2)a of
class A, and the final device S1/S2 consequently of class B. Although
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at first glance'this combination may appear unusual outside the transportation field, it is sometimes used to transmit valve stem travel in
a "proportional plus reset" controller, and is therefore not so farfetched
as may appear on the surface.
"The example above .shows a "two-stage translator" in which two
components or variables sand p are used. Obviously, multistage
translators can be developed and may take this form:

The chain in this case can again be expanded or contracted by substitutions as, for instance, by introducing:
,t

or

pie
==

+ =,.....,.,
ele = pie,
,. . .,.,

etc.

Thus, the translator, chart offers to the engineer a systematic refence system for storing known instrument and controller components
and for creating new instrument and controller components. But it
can do even more.
5.2.2

Instruments and Controls in the Translator Chart

An analysis of the significance of certain columns ,of the chart shows
one vertical column with all known variables as the input and
stroke = s as the common output variable. We recognize such trans-

Stroke or angle
Pressure
Force
Speed
Acceleration
Rate of flow

Fig. 5.5 The place of instruments and controllers in the translator chart
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lators as the "instruments" defined in the beginning of this chapter
(Fig. 5.5). In ~ach case the variable is represented by a displacement, s, or in our symbolic form, an "instrument" is given as (variable/s).
On the other hand, the horizontal column starting with strokes as
inputs and all variables as outputs represents translators of the type
(stroke/variable), which we shall call "controllers," for controllers perform the function of such translators with s.'representing the setting,
even if they are permanently built in or are not adjustable from the
outside. (Note that this broader definition of "controllers" covers
even an s/F translator, i.e., a "spring," which would not ordinarily
be classified under this term.)
It is now easy to show that if it is possible to demonstrate that at
least one solution is available for each translator in both the "instrument" and the "controller" columns, then at least one solution is available for any translator in the chart. This follows from the simple
symbolic equation
variableds + s/variable2
On the other
quence

h~nd,

variabledvariable2

if we arrange the translators in the opposite se-

sdvariablel
we have as many solutions jor
5.2.3

=

+ variablel/S2
SI/ S2

= SI/82

as variables!

Electrical Inputs or Outputs

By extending the meaning of an "instrument" so that it includes
translators with any other variable-for instance, a-c voltage e as
output, we can repeat our procedure of filling the individual transiator
boxes with additional translators or transducers. This appears to be
the significance of the present trend away from the displacement parameter s in favor of electrical outputs (not necessarily only voltage
or currents, but also phase displacements, frequencies, pulse duration,
etc.).
5.3

THE OPERATOR CHART

An obvious question may arise at this point: Why should one go
to these seemingly more complicated solutions?
In order to answer this question, we prepare a second reference
charl of another basic device which is used in instruments, controllers,
and computers. This device performs a mathematical operation on
one or m~re input variables and is called for this reason the "opera-
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tor." A simple example of such a device is a summarizer. In Fig. 5.6,
two mechanical summarizers and a pneumatic one of the flow rate type
are shown. Other operators are: multipliers, integrators, differentiators, and function generators such as sine or cosine generators ..
In Fig. 5.7, the "operator chart," we find again in the vertical
column the input variables, stroke, pressure, force, etc., but now in
Whiffle - tree

Symbol: "2: (5 n ) canst =53
0

~

?5 ?j
51

52

Differential gear

Q = Flow rates of fluids

Fig. 5.6 Typical mechanical summarizer for strokes and flow rates

the horizontal column the respective operators are listed. An attempt
to fill this chart completely has been unsuccessful so far. For instance,
there is at present no operator available for direct summation of
pressures. This means that the designer, faced with this problem of
summarizing pressures, has to look for suitable summarizers to other
variables, i.e., "strokes" or "voltages," and for convenient translators
from pressures into such variables, which he can find in his translator
ch'art.
The choice of the particular design to solve his problem can thus
be based on a systematic evaluation of alternatives rather than on
accidental "inventions." Cost, reliability, simplicity, accur~cy, space

I
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requirements, dynamic behavior, ambient conditions, and many other
considerations enter into the final decision, which of the available
alternate paths to choose.
The tremendous impetus industrial "automation" has taken in the
last few years has been mirrored in a not always sound development
race, in which alternate solutions were often introduced for the

....
Cl)

.~

ro

Operator

E
E
::J

en

~/

Symbol

/

Type

....
Cl)

;:

.~

o

Co

..c::

S

:;

:E

M/ x ,(
I/

/"

....

....

.Bro
;g-

.s
~
c::

e

~
i:5

.s

e

....

.s

ebO
Cl)

:§

dXl
dX2 I/J/ /

Cl)

c::
Cl)

....

bO

Cl)

~

i5.

en

s{

Cl)

c::

en
./

srn

v

A

8

C

0

E

F

G

Stroke

s

Al

81

C1

01

El

Fl

G1

Pressure

p

A2

82

C2

02

E2

F2

G2

Force

F

A3

8 3 C3

0 3 E3

F3

G3

de Speed

V

A4

8 4 C4

0 4 E4

F4

G4

d2~ Acceleration

a

A5

85

Cs

0 5 E5

F5

G5

Rate of flow

W

A6

86

C6

06

E6

F6

G6

Direct current

l

A7

8 7 C7

0 7 E7

F7

G7

Alternating current

i

As

8s

0 8 Es

Fs

Gs

ds

dt

Cs

Fig. 5.7 The "operator chart"

sake of novelty or patent circumvention, rather than on the basis of
superiority and need.
However, the same dynamic forces have produced a number of
new basic components in the last few years that permit the designer
of new instruments and controllers to go far beyond what was possible
in the past.
5.4

NEW PACKAGED TOOLS OF THE MODERN DESIGNER

First of all, there has been a steady growth in the number of
computer elements ("operators" in our language) which are directly
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applicable to instruinentation and controller designs. These computer elements are either· (1) mechanical: differential gears, multipliers,
integrators, multiple-bar linkages, etc.; (2) pneumatic: integrators
("reset"), summarizers (with plF or pis translators) ; or (3) electric:
analog high-speed and real-time scale, digital, memory storage systems (punched cards, magnetic tape, punched tape, film trace, etc).

Fig. 5.8 Magnetic memory drum

(Courtesy Librascope Inc.)

As indicated in the last type of computer elements, a very important,
but greatly improved, class of memory devices have become available to the industrial designer. Although used for many years in the
textile industry and in the entertainment field from the "pianola"
(player piano) of yesteryears to the "hi-fi" records of today, it has
been only very recently that these techniques have been applied
to machines, computers, and instrumentation (Fig. 5.8). One of the
reasons for the delay is the previous lack of interpreters. or translatorsto make these multilingual instruments compatible, i.e., to make
them understand each other, or to use a common language in communicating with each other.
However, such translators are now available, and they open to the
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instrument designer, in addition to improved process instrumentation,
new and very promising territories to conquer, i.e., the field of office
'operations and the supcrvi'sory loops of a production plant, from cn-

Fig. 5.9 Analog-to-digital converter

(Courtesy Librascope Inc.)

tering and handling of accounting information to manufacturing a
metal part. Since the language of the accounting department and
the economic common denominator-i.e., the dollar-are digital, it is
necessary to have translators from digital to analog, and vice versa
(Fig. 5.9). Present' efforts of designers concentrate on an increase in
speed and life expectancy of such devices; however, there are a number
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of various designs either on the drawing board or already available
to take care of the general present requirements.
The next important link, a development which is still in a state of'
flux, is the (variable/electrical signal) transducer. Industry has not
as yet sufficiently crystallized its requirements in this field, with the
result that these dev~ces still differ widely in output variables and

Fig. 5.10 Electrohydraulic relay (Courtesy Askania Regulator Co.)

energy levels. Typical of recent designs are outputs of 4 to 8 milliamperes direct current and 0.5 to 5 milliamperes direct current, as
used in two of the leading miniaturized electronic controllers. Other
instruments used in telemetering have frequencies or pulse intervals
as their common language.
It is to be expected and hoped, at least by the writer, that in the
next few years a common signal type and level will be arrived at,
which will do away with the present multitude of intermediate translators or multipliers, i.e., "amplifiers," which are now needed to assure
compatibility. In many of the computer elements, operators, and
translators, servomechanisms or stabilized amplifiers have been used,
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either to enforce linearity or repeatability, or to increase energy levels
(class D translators). The understanding of their dynamic behavior,
based on the fundamental work done by the MIT Radiation Laboratory during World War II, has produced a great multitude of servo
components and amplifiers which
are available to the designer of instruments and controls as package
units. Typical examples are the
(
electrohydraulic amplifier shown
in Fig. 5.10, the pneumatic ampli-'
fier-computer of Fig. 5.11a and
Fig. 5.11b, and the pneumatic hydraulic power booster in Fig. 5.12.
In addition, magnetic amplifiers,
and recently also transistor-controlled servomechanisms have become the common tools of the
modern designer.
In telemetering, as well as in
digital techniques, pulse techniques,
because of their higher "signal to
noise" ratio, have been developed
sufficiently to make the respective
transducers or translators reliable
tools for present industrial applications. To illustrate this point, it
is only necessary to visualize the
obvious advantages of a dial telephone over one using an analog
method of transmitting the desired
number. The ease of translation
Fig. 5.11a Pneumatic controller
(Courtesy Moore Products Co.)
of pulse duration into digits is one
of the reasons for its wide use in
modern computers-and it will be the reason for its hroad application
to telemetering in industry.
Furthermore, the high frequencies and broad frequency bands per-'
missible in electronic circuits permit "time sharing" of intelligence
on the same wire or radio beam, thus permitting a multitude of signals
to be transmitted on one carrier in sequence or simultaneously.
This high potential increase in speed opens the door to an important
new method of measurement which is repetitive and selective, i.e., the
"scanning technique."
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Reset rate
adjustment

Measured
variable
pressure

Automatic _ _-.l~~~
bleed

Fig. 5.11b Schematic of controller in Fig. 5.l1a

5.4.1

Scanning Techniques

Instead of a continuous measurement of a variable at one point,
it is possible to switch the point of measurement automatically at
some high frequency of scanning (high relative to process and human
observer time constants). Thus the "field"-or distribution of a
single variable in space-is communicated to the operator, rather
than to an individual point reading, without the advantage of apparent
continuity being lost (Fig. 5.13); alternately a number of different
variables may be scanned and displayed. This method, which has
. until now only been used for measuring purposes, could and will be
logically extended" to control applications, as will be discussed later
on.
As a matter of fact, the human operator's present practice of
, manual and semiautomatic control is to apply this scanning procedure to plant control, at a slower speed. of course, readjusting at
intervals of time the positions of control valves or set points of con-
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3-15 psi air
pressure input

Schematic diagram
Pneum
hydraul

(!Ys)

Fig. 5.12 Pneumatic hydraulic relay

(Courtesy Askania Regulator Co.)
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trollers. There is no reason for not using one control with many
variables and corresponding gains and many control valves if the
chosen scanning frequencies are high enough and the inputs and
outputs are made compatible.

Fig. 5.13 A scanning system which presents "simultaneously" several variables
or the same variable at different points of the process (Courtesy The Kybernetes Corp.)

5.4.2

Decision Elements
Perhaps the most important or significant contribution to instruments and controls is the recent introduction of decision elements,
which, taking advantage of the theoretical advances in symbolic logic,
permit a control instrument to choose alternate courses of action. Figure 5.14 shows one version of these building blocks which are basically
switches without moving parts. The two inputs are, for instance, of
the nature of "yes-no" intelligence, or in the binary code, 0 or 1. A
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third input is a clock voltage which triggers the answer "yes" or "no,"
depending on the inputs. These devices, working at high frequencies
(megacycles), can be used to play games, or, more important, to establish a strategy of procedures for acting under pre-established
emergency patterns (the old safety interlock), or to choose optimum
procedures (automatic telephone scanners for open connections between cities), or even to choose different modes of control to satisfy
predetermined safety or stability specifications.

Fig. 5.14

Magnetic decision elements

(Courtesy Minnesota Electronics Corp.)

With such a formidable array of new tools at his disposal-the list
is by no means complete-the instrument designer of today is better
equipped than ever before to tackle the problems of industry. In
passing, the absence of one still unavailable basic device should
be mentioned in the hope that this may stimulate thinking and
trigger inventive ideas. There is no instrument as yet that can
identify patterns, faces, signatures, or the identity of landscapes in
winter and summer. We shall see later on that the lack of this basic
building block is one of the major handicaps in the further development of full automation and in partiCUlar of automatic inspection.
(For example, signatures must still be identified by a human checker
in banks.)
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5.5

THE SIGNIFICANCE OF MEASUREMENTS

In deciding on the measurement of variables in the industry to control a process, some basic questions must be asked. One, for instance,
is what does this variable mean?
The most frequently measured and controlled variables like level,
pressure, and temperature are actually energy balance indicators
which give some information on the difference of input and output
energy flow rates and the. prevailing energy level. Thus, constant
pressure in a pipeline means that as much gas is supplied per time
unit as is withdrawn. The same applies to level for fluids and liquids,
and temperature as an index of thermal equilibrium. Of similar nature
is the pH level as a chemical ion balance indicator.
But coming back to pressure, we find it used, as an example, in openhearth furnaces as an indicator of the balance between the incoming
combustibles, combustion products, air infiltration, and the exhaust
flow rate. However, what does this pressure mean, and where should
it be taken? The inside pressure profile of a furnace is by no means
constant, and the result of the effect of many variables, including gas
temperatures, velocity distributions, location of scrap charges, furnace
geometry, open or closed doors, etc. Why is a pressure signal taken at
the center of the furnace roof acceptable in spite of this multitude of
effects?
The answer is one of experience: It "works"-which means that
experience in production has shown a correlation between the endproduct quality based on such measurements and customer acceptance
that is great enough to be useful.
/
5.5.1.

Correlation between Measured Variable and Desired Property

In general, such practical and seemingly arbitrary choice of indices
for somewhat remote measuring targets is very widely used by experienced operators. Its soundness should not be underestimated by
the academic purist who will, for instance, shudder at the idea of
measuring air flow in a boiler as a pressure. drop in the combustion
chamber-a method violating the most fundamental laws of any beginner's textbook on flow measurements.
To systematize this choice a group of German engineers under the
leadership of Dr. Ing. K. Daeves have given this correlation problem
much thought; they have developed rather simple techniques to make
such a correlation evaluation a general tool for industry. Unfortunately, no one has taken the time so far to translate Dr. Daeves' most
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useful and stimulating book, Praktische GrosszahlJorschung
reference 8).
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Fig. 5.15 Evaluation of correlation of various variables and the desired property
of an end-product (After Daeves)

Although the conventional engineering approach hopes for the perfect-law relationship between two variables a and b (Fig. 5.15a) that
is expressed by a narrow band curve (preferably a line), there are many
cases where the observed data cover a broad area (Fig. 5.15b). To

110

AUTOMATION IN BUSINESS AND INDUSTRY

handle, these data, Daeves connects the outer rim of the data area
by a continuous border line and then establishes the center of gravities
of sections parallel and perpendicular to the abscissas. Connecting
their respective centers of gravities, he obtains two curves with an intersection and an intersection angle (a).
If a = 0, we obtain (Fig. 5.15a) the classical law (100 per cent
. correlation), or if a = 90 degrees in Fig. 5.15c, zero correlation.

Fig. 5.16 An x/y recorder

(Courtesy Librascope Inc.)

The important, and at present mostly overlooked implication (known
to the old-timer exper1r-but often overlooked by the young engineer)
is that adjusting not only b but also c and other influencing factors for
the optimum of the desired property b, is likely to give better results,
often with less-complicated procedures, than concentrating on the
usually preferred 100 per cent correlation factors.
For the purpose of simplifying or mechanizing this type of study,
"x/y recorders" become almost a necessity. Figure 5.16 shows a late
model of such an x/y recorder which can handle digital as well as
analog input data directly from transducers, plotting continuously or
in batches, the correlation diagrams of b = f (a, c, or d) of Fig. 5.15,
or data fed into it from tape records or from punched cards. This
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approach of systematically exploring the influence of variables on the
desired property of the end products is a very powerful tool which will
gain more importance in the future. It will become standard practice
in process analysis as soon as all instruments speak the same output
tongue, or common language.
5.5.2

Statistical Instruments

With the advent of digital and electronic techniques, it should be
pointed out that devices and instruments for statistical analysis will

Frequency of
occurrence

t

Shift of A for small
displacement of
the Gaussian curve

~Nogo

Nogo~

-Size~

Fig. 5.17 Inspection method using Gaussian distributions

become everyday tools. Statistics in the past have been used only
to a limited degree in plants, except in quality control, i.e., for the
usual inspection procedures of plant products. One of the reasons for
this delay in a more general acceptance of this powerful tool might be
that statistical terminology and charts commonly used are difficult
for the uninitiated to understand. The tediousness of the job of continuously recording "standard deviations" for instance, or of recording
a "control chart," is not conducive to enthusiastic acceptance in the
shop or even in the laboratory. The automatic computing tools now
available should overcome this handicap and offer continuously significant-and thus valuable-intelligence to the operator.
As an example, let us take the case of the inspection of the size
of an article made by hand or by a machine. If the frequency of oc-
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currence of a size within a given range is. plotted over the size, we
obtain, in general, a Gaussian distribution ·(Fig. 5.17). Present "go""no go" philosophy tries to reduce the ".'no go" samples to a minimum,
or zero, and is thus faced with the problem of trying to measure the
occurrence frequency of an event that should not happen in the
first place. It becomes a real problem, for instance, to decide whether
the rejects have increased from 1 per mil to 2 per mil-or, even worse,
to 1.5 per mil.
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Fig. 5.18 Various readings taken with the same instrument on the same workpiece (Courtesy Sheffield Corp.)

Standard deviation methods and similar statistical tricks solve this
problem; however, it might be worth while to change the basic approach
by measuring the occurrence frequency A in the range C, rather than
the values Bl and B 2 • An instrument to graph the diagram above
and to show shifts of the mean can also directly indicate the value of
A for a given sample lot which has a close correlation to the rejects B
and can thus anticipate them at a greatly enlarged scale. Such an in~
strument can easily be built with memory and indicator devices now
available.
Of course, the hope of all instrument builders for a U customer acceptance indicator" is the ultimate target-but in most cases it is still
a dream and probably will be for some time to come. In the meantime we may rely on hunches, the opinion of our relatives or of our
secretary, the Sales Department, and the Gallup poll-the latter being
based again on the more promising statistical approach. All of them
can boast of a certain degree of reliability-for otherwise our econ-
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omy would have collapsed long ago-but the failure of these methods
could be, and has been in many cases, catastrophic.
Superimposed on the probability curve of the quality of the end
product are the probability curve of the instrument measuring the
correlated measurable variable, the probability curve of the observer
noting the instrument reading (Fig. 5.18), and the probability curve
of a distortion of the message during transmission to the man or the
machine, that must initiate an action based on the information received.
As most practical production machines have, when in action, the
property of staying for a reasonable length of time within established
distortion levels, the trend of replacing human beings by the process
of "automation" will successfully continue.
5.6

AUTOMATION IN PROCESS CONTROL

Let us therefore examine how far automation has gone in process control and how far we· are likely to extend its use in industry! For
the purpose of this analysis we shall consider a typical plant as shown
in Fig. 5.19. In this diagram we recognize the well-known basic
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Typical industrial-plant control diagram
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plant controller loop. However, it contains a few disturbing items that
are usually left out. First of all, and this appears to shock many, it
indicates at the right as the goal of an industrial plant a dollar sign,
the symbol of the economic justification of all the efforts, machinery,
and equipment invested in the endeavor. At least, this goal seems to
be dominant in our American industrial peace economy. In case of
government efforts and war, other targets may replace the dollar sign.
"Customer acceptance" in the broadest sense may be symbolized by
this dollar sign, even if the economic transaction is not as obvious as,
for instance, in the case of. the atom bomb explosion where other
targets in the most literal sense have to be reached.
The most common major loop at present is the combination of the
plant M with a regulator L and a valve operator N. Various energy
balance indices or process variables are transmitted as, inputs to the
regulator L and finally result in action on the manipulated input. The
important but usually forgotten operator P is shown to change the
settings of the regulators L in accordance with his experience, knowledge, hunches, or the indications of other instruments, A, B, C, remotely correlated indices, X, Y, Z, and the orders of his boss or of
management.
The computation and correlation of all these factors influencing the
operator's decision can, and are, being handled more and more by
computers; but this can be done now only in cases where the correlation between incoming information and required action is mathematical or at least reasonably well defined. Unfortunately, this is not
always the case-or perhaps it is more correct to say that it is very
seldom the case. We have previously discussed the A, B, and C type
of process variable instruments, such as pressure, temperature, flow
rate, level, etc.
5.6.1

The Problem of Measuring Customer Acceptance

Before going further into the controller or regulator subject, it may
be worth while to look at the meaning of the X, Y, and Z symbols.
These "instruments" are designed to measure customer acceptance, i.e.,
dollar return for investment-a ratio which must be larger than one
(negative entropyl) if the whole venture is to survive or be at least
self-sustaining.
A few examples will illustrate this point. In the petroleum industry
the only reliable index for the "octane number" is the satisfaction of
the ultimate consumer, the "engine." Thus a high-precision "standard
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engine" is used to establish its value, for, as I understand it, no other
sufficiently close correlation between this number and a more easily
measured variable is known at present.
Another example of a problem of great economic importance, for
which no solution is at present available, is a standard for "cleanliness"
of paper or fabrics. It is possible, and this has been done, to scan
the paper with a photocell device and to obtain repeatedly the same
number. However, this number is not the required answer, for it only
represents an integral or average surface light reflection value, and it
cannot distinguish between various dirt patterns which would easily
be judged or classified by a trained observer.
Again another example is the ultimate customer acceptance of alcoholic beverages or perfumes, in particular of those calling for a
prolonged aging period. Here the decision of whether to consider a
production run acceptable or to rej ect it poses some extremely difficult
problems.
In the first example of the octane number, the solution was to test
the product under actual operating conditions. The instrument man's
target is thus clearly established, i.e., either to produce a continuous
test of a suitable kind with the answer continuously available to the
operator, with a minimum time delay, or to find another closely correlated variable and to control it with or without a computer or controller. The paper-scanning problem is of a nature which, although it
gives immediate answers to an observer, does not locate any of the
many possible causes for rejection or suggest action to avoid their recurrence. In this area, statistical instruments taking into account dirt distribution pattern (the subject of Gestalt psychology) or the evaluation
of statistical data obtained from inspectors may be an immediate
answer but perhaps only a partial one.
The last example of the alcoholic beverage or perfume evaluation
shows how much fundamental research is still necessary in an instance
where time delays and changes of habits may cause the taste of the consumer to diverge from a product whose quality could have been within
specifications at the time of its manufacture. Again statistical methods
offer a guide for determining causes of output variations, customer acceptance, or for the interpretation of observable and correlated properties. The systematic use of xjy plotters and statistical computers,
not as a laboratory device but as a continuous production tool, will
materially assist the operator of the future in gathering pertinent data
under such trying conditions.
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The Raw-Material and the Accounting Loop

In the general diagram we notice, in addition to the supervisory
"operator" loop, the "management" loop, and the "raw material" loop.
The raw-material loop is a feedback of part of the output into the
plant input, after its translation into dollars and then back into material, thus permitting the process to continue. Its value must be
less. than the output in economic terms to guarantee continuation of
the process. Its supervision is the province of management, accounting,
and purchasing; and its communication method for the last few thousand years has been the recording of data on paper, usually in digital
form and in the letters of the alphabet. The read-in and read-out
time of this process is notoriously slow and even IBM. or similar
methods are still bulky, complex, arid spacebound.
Inv~ntory figures representing continuous drain rates are available
to plant operators with considerable delay; sometimes inventory figures
are not available for months. Rate of dollar flows to individual process
branches is often unknown or only approximately certain. Here an
important change is likely to take place in the near future. With
magnetic drums or magnetic tapes replacing or supplementing book
·entries, and by the use of simplifie~ computers with decision element
circuits that furnish, at high speed, data in a tabulated or graphed form,
this information will become less intermittent and should be available
with little delay to the operator and to management. Thus it can be
foreseen that this type of advanced automation will greatly speed
up tlie office, administration, and accounting loops, in which the present
instrumentation and control are far behind minimum process standards.
It will be noticed, incidentally, that part of the' economic return goes
into the pocket of the operator and part into the pocket of management. These are important loops; they have a bearing on' efficiency,
continuity of the process, and the quality of the end product.
5.6.3

The Management Loop

The last loop mentioned above is the "management" loop, which
determines the rate of production, scheduling, and quality and supervises the flow of raw material, money, energy, new facilities, and
manpower for the venture. Here we find at present a minimum
of instrumentation and a maximum need of assistance, with unbearable time delays of badly needed information and a surprising lack
of interpretation of past records and of extrapolation of present and
past data into the future. This calls for an unusually skilled manager
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with an astounding willingness to take risks and with an almost uncanny feel for the correct thing to do.
The cost of top management, its scarcity, its high turnover, and
its migratory habits dramatically illustrate a very real need for better
instrumentation and better communication as tools for better control.
5.6.4

The Inventory Control Problem

It will be noted that at several strategic points of the diagram
plus symbols are added to indicate storage or inventory facilities. In
the broadest sense,such storage facilities are accumulators which are
needed because there are discrepancies between the integral of input
and output rates; or they become necessary as filters or equalizers for
product quality variations. Inventory appears on a dollar rate flow
diagram, which, incidentally, does not coincide with the energy flow
diagram, as a sQurce of dollar loss in capital charges, rent for space,
storage facility write-offs, and storage maintenance. Inventory controls to maintain constant levels for existing facilities or to schedule
products and raw materials to maintain minimum levels become extremely important. This applies to a refrigerator-producing plant in
which it was discovered that the buying rate of the ultimate user was
steadier than the retailer order rate. It also applies to the general
trend to reduce in-process and in-transit inventories to a minimum.
A good example of the trend toward a decrease of storage capacity
is the old pressure steam boiler whose immense water drums are disappearing and are being replaced by low-capacity, high-pressure tube
arrangements which-and this is significant-can no longer be manually controlled unless at a constant load. This means that man as the
bottleneck in strength, speed, and accuracy is being, and has to be,
replaced by controllers to get maximum efficiency of dollar investments.
He still represents, however, the limiting link in emergencies and in
instances where supervisory action is necessary.
5.7

THE BASIC CONTROL LOOP

This brings us back to the first loop, the one of the plant, the regulator, and the power actuator. How far are we in industry with the
automation of this fundamental or basic circuit?
Of all the loops described and engineered, it is the one furthest
developed, but its limitations should be pointed out to trigger stillmissing basic solutions which are badly needed. The example of the
airplane will illustrate the point, for an airplane is a rather definite
self-contained universe or plant-operator unit. So far, our control
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engineers have rather satisfactorily solved (1) the problem of constant-level flight.
What this means, really, is that we have succeeded in eliminating
time as a parameter, all our efforts being concentrated on returning
deviations of attitude or of maneuver as quickly as possible to the
desired value. This means transients are to be reduced to zero as
quickly as possible j several criteria of quality of control action are
based on this concept. In an industrial plant, the same requirement
may apply to temperatures, pressures, flow rates, or any other variables.
The second airplane control problem of major transients is still unsolved (outside of the guided-missile field): (2) the problem of becoming airborne, of landing, and of evasive maneuvers.
The obvious parallels are getting the plant "on the line," "shutting
it down," and making major changes in products or production rates.
Anybody having been present under such. operating conditions, regardless of the length of time required, is only too well aware of the mental
hazards involved as well as the dangers of spoilage, of destruction of
facilities, and of delays.
The third airplane problem, which is of a very serious nature, is
the emergency situation, or: (3) the problem of survival for operators,
passengers, and plane in an emergency.
In many "automated" plants of the present-from the automatic
home refrigerator to some chemical plants-the serviceman (no further away from you than your phone) or the operator are firemen in
disguise who know, or are expected to know, how to act in emergencies.
The methods of coping with emergencies may vary from a decision to
shut down the refrigerator or the plant, to emergency measures to save
the plane, to a decision to abandon ship by parachute, the latter in
some cases automated by ejection seats. We shall see later how all
these problems could be solved automatically.
The fourth problem of the airplane is one of scheduling: (4) the
problem of deciding where to go, how fast, how high, and when.
Although scheduling was previously left entirely in the hands of the
ground crew, a certain freedom, at least in principle, is at present given
to the flight captain. His decision is influenced by a great multitude of
intelligence reaching his brain, including (a) the time table, (b) the
weather, (c) the condition of the plane, (d) the condition of passengers
and crew, (e) his position in space and time, (f) his fuel reserve, (g)
the political situation, etc. Here we are back to our top-management
loop j the best we can hope for is that the information on weather, plane
condition, and whereabouts is reliable and meaningful and its significance understandable without maj or computations.
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We have said that the basic problem of constant-level flight is more
or less solved. Let us therefore take a look into the tool chest of the
design engineer and apply our previously gained knowledge of a systematic design approach to the problem of building a controller.
5.7.,1

Typical Amplifiers

First of all, to supplement our knowledge, we shall investigate some
of the energy amplifiers or multipliers now in general use. For fluid
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Fig. 5.20 Typical fluid-type relays: (a) four-way spool valve, (b) jet pipe, (c)
double throttle, (d) jet interceptor

power media, i.e., for air or hydraulic amplifiers, either three basic
devices are commonly used or modifications of their basic design can
be traced back to these three units (Fig. 5.20). In Fig. 5.20a, a fourway valve, consisting of a spool and a sleeve, is displaced relative to
two ports which connect to a double-acting cylinder. A displacement
of the spool by an amount s to the right will, for instance, open the
right-hand side of the cylinder to the supply, and simultaneously lhe
left-hand side of the cylinder to the drain. As a result, the piston in
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the cylinder will move to the left at a rate dso/dt proportional to the
displacement of the spool, s.
In the next amplifier of }i-'ig. 5.20b, the "hydraulic jet pipe," the spool
is replaced by a hollow jet whose fluid is delivered into two cylinder
lines at high velocities. Thus, we find again a characteristic that establishes proportionality between cylinder speed, ds o/ dt, and amplifier.displacement, s.
The third example shown in Fig. 5.20c uses a "double throttle" as an
amplifier element. This design element has become almost universally
accepted in air-operated instruments because of its simplicity of design
and its minimum space requirements. It is based on the observation
that the pressure between two orifices in series connected to a pressure
supply and discharging to atmosphere (or any other given level) will
vary as a function of the change in the ratio of the sizes of the supply
and relief orifices or restrictions. In the most frequently used design,
the first orifice is fixed and the second variable. In Fig. 5.20c the supply
pressure is connected to the small area of a two-stage piston assembly
and the modulated pressure between the two orifices to its larger area.
Evidently, there is a position of the outlet orifice, s, which establishes
a balance of forces on the piston with a resulting zero speed. Any movement of the flapper (the outlet orifice) to the left will increase the intermediate pressure and thus force the piston to the left. This again will
happen at a rate proportional to the displacement s.
In pneumatic controllers of the conventional type, the two-stage
piston is replaced by a diaphragm responding to the intermediate pressure and a spring which takes the place of the smaller piston. It will
be noted, however, that in this instance the spring force is proportional
to the diaphragm stroke, and the double piston, as shown, has a fixed
biased force independent of stroke. There are a great number of
variations of designs, depending on particular applications and the
whims of the individual designer.
One additional variation of design that should be mentioned may be
considered as a crossbreed between those of Figs. 5.20a and 5.20b. In
this case the jet (or jets) stands still relative to the receiving ports,
and an intermediate vane deflects or intercepts part or all of the fluid
streams which determine the equilibrium condition of the cylinder.
These amplifiers are basically "push-pull" amplifiers, for their output
is duodirectional. (See Fig. 5.20d.)
A "translation" of the amplifier (Fig. 5.20b) into equivalent electrical terms resulted in an electronic amplifier, as shown in Fig. 5.21a.
The hydraulic or fluid energy stream which is deflected by the ,displacement of the jet pipe in Fig. 5.20b finds its analogy in a beam of electrons
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in a beam tube of the cathode-ray type (see reference 18). The space
displacement of this electric current relative to two target plates corresponds to the displacement of the fluid stream relative to the two
orifices.

M

A
e

(b)

(a)

Electron beam tube
A-electrostatic deflection, e
B-electromagnetic deflection, i,
or flux, cp
C-field displacement deflection,
by permanent magnet, So

Variable grid tube

Electromagnetic deflection, i

Fig. 5.21 Electronic relays

Such a displacement of the beam can be accomplished by (1) an
electrostatic fi~ld, (2) an electromagnetic field, or (3) a displacement
of either field relative to the beam. Following the same systematic
approach (Fig. 5.21b) , a variation of this theme was developed in which
the displacement of a lever carrying two grids, and thus varying the
impedance of two current paths proportionally to the lever displacement, results in a push-pull circuit equivalent to that of Figs. 5.21a
or 5.20d.·
The reason for giving these somewhat unusual examples rather than
the conventional electronic push-pull circuits for (1) electronic tubes,
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(2) magnetic amplifiers, and (3) transistors is that these examples illustrate the usefulness of the basic philosophy of approach previously
discussed; and furthermore, standard amplifier circuits are to be found
in every one of the many texts already available.
5.7.2

The Design of a Typical Proportional Controller

Equipped with these building blocks or translators and operators,
we shall now develop or synthesize three versions of a proportional
controller in order to acquire a "feel" for the methods outlined above
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Fig. 5.22 Translator analysis of a basic proportional control loop

and to get acquainted with the method of designing new devices. The
three solutions chosen are by no means the only possible ones, nor do
they claim to be the simplest or the most logical ones to be devised.
But before going into the design, i.e., into the "synthesis of the problem," we shall start with an "analysis" of what a "proportional controller" consists of. Figure 5.22 shows the basic block diagram and
uses the symbols with which we have previously become acquainted.
Starting w.ith a plant, we find that a plant, in our way of looking at
it, is simply a device which translates an input change of s, which may
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be a valve motion, into a corresponding change of a variable. It is
evident, of coursc, that therc are many variables in a real plant, which
may be affected by a number of inputs. For the purpose of this singlevariable controller discussion, however, we shall assume the simplest
case of one input (stroke) and one output (variable) only. Thus, the
symbol for the plant is sI/variable.
In a "proportional controller" the valve position SI is to be made
proportional to the "error," i.e., the difference between a "setting,"
i.e., the "desired" and the actual variable. The setting So and the
variable as well as the valve position SI must therefore be translated
into a common parameter X so that these three can be added up or
compared in a summarizer, our "operator" l.
Any output of this summarizer different from zero has to be amplified, i.e., multiplied by means of an operator M with a "gain factor"
K to be chosen in line with stability considerations of the whole loop.
Such an amplifier will obviously use additional outside sources of
energy. Choosing amplifiers as previously discussed in Fig. 5.20, we obtain outputs that are valve operator velocities ds/dt which, integrated
in time, produce the necessary or required corrective valve motions SI
as outputs.
The symbolic equations describing this chain can be written as (1)
plant: sl/variable; (2) regulator:
dS I
X5- + -.
~(SO/X2 + variable/Xl + st/X3 ) + M(K ·X4 ) + dt
dSt/dt
dt

I

A "force balancell controller. As our first solution we shall try to
use a force F for the common denominator X = F. Figure 5.23a shows

one of the many possible solutions. The translation of SO/F2 is accomplished by means of a calibrated spring. So is the translation of
the valve motion SI into F g •
The plant variable in this chosen example is a pressure p and it is
translated into a force Fl by means of a diaphragm. The summarizer
is a lever arrangement which is used at the same time as the amplifier of the hydraulic jet as shown in Fig. 5.20b.
The output of this amplifier is a fluid velocity and piston speed ds 1 / dt
which is proportional to the unbalance of the forces l (F n) and the
corresponding jet displacement (proportional displacement due to
spring restraint, F /s). The integration is accomplished by the hydraulic cylinder with the piston rod movement as the output, SI.
This completes the design in principle,' and the particular choice of
the variable force F in the summarizer makes it a representative of the
go-called "force balance" type controller (Fig. 5.23b).
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Stroke-compensated controller. Our next attempt in Fig. 5.24 is
based on the choice X = s, which is typical of the "position balance" or
"stroke-compensated" type controllers. The summarization is accomplished by a mechanical summarizer, the so-called "whiffle-tree
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3

Fig. 5.23a The hydraulic, amplifier solution for a proportional controller with
force feedback X = F

linkage" (see Fig. 5.6). "No translation of the setting (so) is necessary,
for it is already available as a stroke.
The translation of the pressure p into a stroke ,s2-p/s2-is, accomplished by a spring-loaded bellows. The translation of S1, the valve
stroke, could have been obtained by means of a mechanical linkage, as
done in many cases in the form of Sd83 translators or by an intermediate translator chain

stlP3 + P31 S3 = stlS3
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This design would mean that the valve would be equipped with a
"pneumatic loader," basically a pressure regulator transmitting its
position Sl as a pressure P3, and a spring-loaded bellows at the summarizer end to translate P3 into S3. The output of the amplifier PA can

Fig.5.23b A modified design, incorporating the basic elements shown in Fig. 5.23a

be so chosen that it produces a proportional valve movement, S3 = 81.
This pressure, PA, then represents 81 and can be used for proportional
feedback. The "regulator" consists of two stroke summarizers, one
that compares the setting, So, with a displacement of a spring-loaded
bellows responding to the input p, the plant output. The other summarizer compares this error signal with the valve position represented
by PA and translated into 83 or S11 which are identical. The circuit thus
incorporates an additional design trick which avoids the addition of another 81/PA translator.
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The corresponding equation change for the regulator would read:
~(so

+ variable/sl + PA/S3) + 1I£(K ·s) pneumatic + S5/PA + PA/Svalve

with S3

=

canst· Svalve

J
~ 50

p/52

52

Setting

t

~ ~-O---Q------'
O---o------r-~ 53

=

C· 51

Fig. 5.24 A pneumatic amplifier solution for a proportional controller with position feedback X = 8

The electrical controller. In Fig. 5.25 the same problem is solved
with the use af the amplifier of Fig. 5.21a, the electron beam tube. The
summarization of X, representing currents, is accomplished by adding
the three fields produced by the current coils representing So, the
setting; S1, the valve position; and p, the process variable.
As the output of the amplifier which controls the motor does not
necessarily produce a motor speed ds 1 / dt proportional to the output
signal of the summarizer amplifier, a tachometer current feedback
loop measuring dsd dt is added in opposition to the error signal and
represented by it. Its value disappears as soon as the motor, which
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serves as an integrator, produces a value, 81, of sufficient magnitude
to balance the error, i.e., the difference between the setting and the
actual pressure.
Obviously, the designer skilled in circuit developments would not
use independent batteries and would most likely replace potentiometer

Tachometer
ds1ldt
iT

Setting
iz (~)

(soli 2 )
Fig. 5.25 An electronic amplifier solution for a proportional controller with current feedback X = i (electron beam tube used as summarizer)

translators by strain gages or inductive pickups with correspondent
translations of voltages into currents, or he would choose partial summarization on a voltage basis before final application of an error signal
to the tube. But these are variations in detail, not in concept, and
would not add any significant insight to this discussion of basic approach principles. The addition of feedback loops, including reset or
derivative modes of controls, does not offer any basic difficulties in
principle-although it may tax the ingenuity of the designer in his
choice of "hardware" to meet price, dynamic requirements. and other
specifications.
The "proportional mode" of control given above represents the
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majority of industrial controls now being used, if not in hardware at
. least in the basic philosophy of approach.
5.7.3

Program Control

Adding a program device to the setting adjustment gives some dynamic scheduling of the plant performance, assuming again that the
setting transient can be paralleled or duplicated by the performance
of the plant. This is the required behavior of a guided-missile control in which the transient is enforced by a program of attitude versus
time.
In ballistics the dynamics of the process (its trajectory) is known or
computed for a given missile and a selected target, and eventual coincidence with the target is expected after the missile release, leaving the
rest to "natural" behavior. The same could be done to plants where
a computer could, for instance, continuously establish the rate of
heat input into a process or the load reduction rate in such a way that
certain chosen critical variables would stay within safe limits. This
is the "becoming airborne and landing" problem previously discussed.
Similarly, the problem of handling emergency conditions could be
better taken care of by the operator and by fully automatic controls if
a computer operating at a fast time scale (note the parallel to tracer
bullets and fire controls in artillery problems) would explore the
to-be-expected results of alternate decisions on actions to be taken,
and choose the one that falls within safety limits. By following this
approach in reasoning, the use of a scanning type of computer suggest~
itself; this type of computer can anticipate t~e future, just as ballistics
does. A further analysis indicates that every human operator works
on this basis. In intervals of time he scans the available intelligenceinstrument readings, plant conditions, and his background of experience-projects the expected effects of his actions into the future, arrives at a decision, checks its validity by watching the effect of his
action, and corrects or supplements his action, depending on results'
obtained. It will also be noted that he does this faster than the process and repeatedly.
5.7.4

The Two-Time Scale Computer

This suggests a controller as shown in Fig. 5.26. The process A is
duplicated by a computer, D, which simulates the dynamic behavior
of the original plant; however, it does so repeatedly at a higher rate.
For this purpose the attitude of plant A is scanned at frequent
intervals and coincidence of computer conditions is enforced with
plant conditions at the moment of the start, To, of computation. In-
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stead of controlling plant A, a high-speed dynamically matched controller regulates the computer simulation of the plant, D. Its corrective action is sampled and servoed through F to make the valve motion,
i.e., the corrective device, follow the pattern of the controller E at the
real-time scale rate of the plant. This action closes the loop.
It will be noted that the computer starts continuously with new
initial conditions which are those of the actual plants at that particular moment. As the computer can and does look into the future
Attitude sampling device
Corrective
device

Process

a, a,'"
a .... etc.
1b,b',b" ·.. etc.
of future of process
parameters

. . . .· L . - -_ _----J-I

Desired parameter
present (and future)
Sampling of
corrective action

I

Real time

T

-1- Accelerated time
t

Fig. 5.26 The two-time scale method of process control-repetitive scanning and
computing

and works at a much higher time rate, it accomplishes the task of a
tracer bullet, or of a ballistic table as far as plant dynamics are concerned, and by adding the high-speed controller it also predicts the
future of the effect of controller action on such a plant. As the time
scale is reduced and as all intelligence in this computer is translated
into a common language, volts or digits, this devic"e has in addition the
advantage of being able to add intelligence to the controller which
ordinarily would not be available (as for instance, temperature transients at inaccessible points of the process or load disturbances) and
which may greatly simplify the stability problem. In addition, the
controller working with voltages or currents in an analog fashion can
use rate and higher derivative operators at an economical level which
would be unbearable at real-time scale values.
By adding to this type of control interlocks in the form of high-speed
decision elements, the scanning process can be extended also to modify
adjustments of the chosen regulator in order to obtain stability, or it
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can scan the effects of different modes of control to meet safety specifications in case of emergencies. This design therefore could handle
the emergency problems of controls which at present have not as yet
been vigorously attacked. The scheduling or managerial loop, which
also has been discussed previously, could use' similar techniques. Such
managerial information can be incorporated if it lends itself to the
translation of the data into a language that can be handled by a computer, and the theory of games or the methods of operational analysis
may be used to arrive at answers, which in turn can be used to initiate
control action.
5.S

CONCLUSION

We have reviewed the present status of instrumentation controls and
computers from the standpoint of the designer of mechanisms· faced
with the problem of finding a "hardware solution" for the basic problems in this field. We have noted trends of technology and some of
the new tools available to solve the needs for a continuously' expanding technological universe.
But we have also outlined certain areas in which man with his
dynamic and environmental limitations prevents the complete solution of the full automation so much in the limelight today. These
barriers will be pushed back as long as the challenge of "no available
solution at present" is tagged on such problems.
Where all this leads to is unknown to us just as the ultimate shape
of the growing tree cannot be determined from its seed. The dominating forces compelling man to exert his energies in the conquest of
the potential of his habitat may be as fundamental a force as the
procreation of his race-whose ultimate goal is also shrouded in
mystery.
5.9
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Analog ~oDlpnters

STANLEY FIFER
Dian Laboratories, Inc.
New York, New York

6.1

INTRODUCTION

The purpose of this chapter is to familiarize the reader with the
types and functions of analog computers, their components, and the
manner in which these components are combined in the simulation of
physical systems. Particular emphasis is placed on the general-purpose
functional computer, in view of the great popularity enj oyed by· this
type of analog. The basic components, e.g., the feedback amplifier,
potentiometer, multiplier, passive network, diode, relay, function generator, and recorder are described. Applications to linear and nonlinear differential and algebraic equations are discussed, and the programming and mechanization of typical problems are illustrated. The
scope of analog computer design and application is extremely broad;
this chapter is intended to serve only as a somewhat elementary introduction to this subj ect. An understanding of the basic characteristics
and philosophy of analog computation given here is necessary if the
reader is to appreciate and evaluate the manner in which analog computers are applied to more complicated and difficult problems, for
example to those in automation and flight control, which constitute the
subjects of later chapters. Here we can touch only lightly on what are
believed to be the more significant aspects of analog computers as
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related to automation; the re'ader is referred to the bibliography for
a more extensive treatment of the subjects that are of particular interest or importance to him,
The analog computer is distinguished, in general, by the fact that
the equations which describe the relations between the computer variables are the same as those goverriing the relation between the problem variables whose solution is sought. The computer variables
may, for example, be voltages, currents, or shaft rotations; the given
physical variables may be displacements, velocities, accelerations,
pressures, temperatures, or angles. In the course of the solution of a
problem on an analog computer, we learn to interpret the computer
configuration and the computer outputs in terms of the given physical
situation itself, rather than as some abstract analog of it. It is this
feature which endows the analog computer with its great value in
design and analysis. The computer variables ;themselves are, in general, continuous quantities and are measured, rather than counted, as
on a digital computer. This characteristic, of course, corresponds more
closely with physical reality t There· is· such diversity among analog
computers, however, that we cannot make too many generalizations
about their characteristics. Moreover, ·there are some areas in which
it is even difficult to effect a sharp delineation between analog and
digital methods and components. For example, digital techniques are
employed in some analog multipliers,· and digital devices are often
used for read-out purposes on analog· computers. Analo~-to-digital
and digital-to-analog converters (Chapter 9), important elements in
the field of automation, are examples of components in which the two.
forms of computation are brought together.
We may classify analog computers according to use. They may be
employed as computers, simulators, trainers, and control devices. The
computer, as the name implies, is employed to solve mathematical
problems. The commercially available d-c machines, Beckman,
Boeing, Electronic Associates, Goodyear, Mid-Century, Philbrick, and
Reeves, are representative of this class. Virtually every engineering,
reseatch, and aircraft firm of moderate size has an analog computer
as a standard tool to solve problems arising in the course of its work
that may be formulated in mathematical terms.
A simulator involves the combination of a. computer and actual
physical hardware whose response is to be tested and optimized. For
example, consider the problem of designing an autopilot, which is to
roll-stabilize a missile in flight by means of a roll gyro. The gyro
detects the missile angle of roll and feeds a signal proportional to this
angle to the aileron surfaces which are caused to deflect so as to reduce
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the roll angle to zero. If this problerri is analyzed on a computer,
then the dynamics of the gyro, the control surfaces, as well as the
missile, are all expressed in terms of mathematical equations. In a
simulator, on the other hand, the actual gyro is mounted on a roll
table driven by the roll angle signal as calculated on the computer,
which solves the equations of motion of the missile. The output of
the gyro, in turn, is returned to the computer at the point in the
mechanization where the control surface deflection is generated. In
the simulator, then, the actual hardware is subjected to realistic tests
as it is in flight. Tremendous savings in time and money are effected.
Multiple-axis tables, loaders, and servojigs all play a role in this
program.
The purpose of a trainer is to teach operating personnel in the
laboratory how to guide some moving craft, such as an airplane, ship,
submarine, or tank. The computer again solves the dynamic equations
of motion of the body. Actual hardware is again employed; for example, in the case of a flight trainer, the cockpit, including the instrument panel and the joy stick, is integrated with the computer and
the pilot maneuvers the controls as he would in actual flight. Link and
. Curtiss-Wright trainers for commercial and military aircraft are examples of this application. Take-off, cruise, landing, and emergency
conditions are simulated.
Finally, analog computers serve as control devices, in industrial and
military applications. Automatic pilots, for example, are analog computers designed to stabilize or guide an aircraft along a prescribed
flight path. Analog computers are used in industrial control applications, for example, to control the operation of lathes.
The block diagram of an analog computer system for the training
of submarine personnel is shown in Fig. 6.l.
(1) The blocks in the trainer include a table representing a section
of the submarine. The table is mounted on gimbals and is free to
roll and pitch precisely as does the simulated submarine. Submarine
personnel on the table experience these motions and· also observe instruments which communicate such information as the forward speed u,
the depth z, and the heading tf of the submarine. On the basis of these
signals, the personnel adjust control surface deflections (8), vary the
propeller revolutions per minute (Q), and fill or blow tanks (W), in
order to alter the depth.
(2) Also included is an analog computer which receives these
signals and solves the three force (drag, side, and lift) equations and the three moment (roll, pitch, and yaw) equations, which
determine the orientation of the submarine. The outputs of this
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computer are the three components of velocity along the body axes
of the submarine, u, v, and w, and the three angular rates of rotations
about these axes, p, q, and r. These equations are extremely nonlinear
in nature.
(3) Another analog computer accepts the angular and velocity
rates and, on the basis of theoretical and experimental data,
computes the hydrodynamic forces and moments acting on the sub-
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Fig. 6.1 Submarine simulator block diagram

marine, which are, in turn, introduced to the force and moment equations.
(4) The rates are also taken to another analog computer which
calculates the Euler angles (), t/J, and <p, as well as the depth z. These
signals are returned to the table to close the loop. The forward speed
is also fed back from the first computer.
(5) Included in the simulation is an instructor who observes the
progress of the personnel in the operation of the submarine, and who
is free to change the operating conditions by calling for the firing of
torpedoes or for a change in depth or heading, or by producing "casualties" in some part of the vessel.
The trainer may also play the role of a computer if it is used to
study the effect of a change in the submarine design or in the power
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controls, and as a simulator if the response of control instruments and
levers mounted on the table are analyzed and optimized. Automation
of the submarine by replacement of some or all of the personnel in
the closed ·loop with automatic controls is another possible application of the trainer. Inasmuch as the operation of a submarine is, in
some aspects, a most delicate and sensitive task, the analog computer
provides a safe and relatively inexpensive method for testing the
feasibility of automation without endangering human lives or incur~ing
the loss of submarines. This is precisely the role which the analog
computer has played with outstanding success in the automation of
guided missiles and piloted aircraft.
A second means· of classifying analog computers is according to
whether the analog is direct or functional. In the direct analog,
a one-to-one correspondence exi~ts between the given parameters
and variables and the computer parameters and variables. The
foremost example of the direct analog is the network analyzer,
in which a correspondence is established between Kirchhoff's current and voltage laws for a network, and Newton's Equations for a
dynamic system. In this type of analog, each component in the computer, i.e., inductor, resistor, or capacitor, is the direct equivalent of
a physical parameter, e.g., mass, damper, or spring. After sufficient
insight has been gained into this direct equivalence, it becomes possible
to proceed from the physical system under study to the appropriate
computer mechanization without the necessity of formulating equations to describe the system. This has proved to be a valuable tool,
for example, in the study of aircraft flutter, which leads to a great
number of coupled linear differential equations. In Section 6.2, we
shall see how the direct analog is formulated for a relatively simple
vibrating system.
Other more specialized examples of the direct analog are the conducting sheet, the electrolytic tanK, the membrane, and the soap bubble,
which have found extensive application to the problems in fluid dynamics, electrodynamics, etc., that are describable by Laplace, Poisson,
and associated partial differential equations. The potential in a conducting medium and the displacement ofa membrane or a soap bubble,
under suitable restrictions and boundary conditions, satisfy precisely
these equations.
The functional analog, with which we are most concerned here,
is predicated on the correspondence between computer components and
specific mathematical operations. This is the most flexible and versatile of all analog computers. The heart of the d-c functional computer is the feedback d-c amplifier, which carries out the operations
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of addition, subtraction, multiplication by a constant, integration, and
differentiation. Multiplication and division by variables are performed by a wide variety of devices, the most accurate and successful
of whic}{, at the present time, is the servomechanism. Linear potentiometers introduce constants or parameters, and function generators,
those terms which vary in some arbitrary manner.
Analog computers may also be classified as to whether they are
mechanical, electrical, electromechanical, or electronic. The slide
rule is the classical example of the mechanical analog computer. In
the electrical group fall the network analyzer, which has been discussed previously, as well as many special-purpose computers such
as simultaneous- and secular-equation solvers. The electromechanical
analogs include mechanical differential analyzers, fire control computers, and many d-c and a-c computers which contain servomechanisms. A distinguishing component of some of these computers is the
mechanical ball-and-disk, or wheel-and-disk, integrator which is a
component of high precision and accuracy. Historically, the mechanical differential analyzer is one of the earliest of analog computers. It
had its origin in the work of Lord Kelvin about 1876; its application
to the solution of differential equations was pioneered by Hartree in
England and by Vannevar Bush in this country. The electronic
computer is the most recent development in the analog computer field.
The functional, commercially available, d-c machine is basically electronic, inasmuch as the feedback amplifier is the essential component.
Analog computers may also be ,classified according to the speed of
operation. There are high-speed, real-time, and extended-time computers. This is a most important grouping and often determines which
analog computers are most suitable for particular applications. The
real-time computers, as the name denotes, are those in which solutions
occur over the same period of time as do the physical phenomena
which are being simulated. When analog computers are used for the
solution of mathematical equations, the programmer generally has the
option of selecting a time scale that is most convenient. He may
"extend" the time scale so that one second of real time is converted to
10 seconds of computer time, or he may "contract" the time scale
go that one second of real time is converted to one-tenth of a second
of computer time. High-speed computers, such as the network and
the repetitive analyzers, solve a given problem many times a second.
'The solution is displayed on a cathode-ray oscilloscope as a stationary
curve by synchronizing the scope sweep with the repetitive input. We
can vary a parameter on such a computer and observe the effect of the
variation immediately on the cathode-ray tube display. The most
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notable example of the extended-time computer is the mechanical differential analyzer which, in general, must operate slowly if errors
due to mechanical inertias are to be minimized. Solution times may
be in the order of hours in this case.
'
Finally, analog computers may be distinguished as either specialpurpose or general-purpose instruments. In the first group are those
computers which are designed to carry out one specific task, such as
harmonic analyzers and autopilots. In the second group fall the functional computers, network and repetitive analyzers, which are capable
of being programmed to solve a wide variety of problems.
Analog computers may be evaluated on the basis of the following
criteria: reliability, speed of operation, accuracy, flexibility, applicability, and cost. The experience of general-purpose analog computer
installations over the· past five or ten years has demonstrated that a
reliability figure of 95 per cent to 100 per cent can be achieved; i.e.,
in any given work week the computer operates successfully without
breakdown at least 95 per cent of the time. In many weeks, a figure
of 100 per cent is realized. Special-purpose computers should have
even less difficulty in satisfying high reliability standards.
The distinction among high-speed, real-time, and extended-time
computers has been discussed. It should be emphasized that the
greatest demand in industry, in military applications, and even in
purely mathematical analyses is for real-time machines. The advent
of the electronic multiplier (Section 6.3), with an accuracy approaching that of the servomechanism and with a frequency response that is at
least two orders of magnitude greater, has brought the goal of an allelectronic computer closer to realization. This is an area in which
aspiring engineers can make notable contributions. The nonlinear operation of resolution (Section 6.3) is carried out today primarily by
electromechanical means. The development of an electronic resolver
would be another significant contribution to the art of analog computation.
It is difficult to make generalizations about the accuracy of various
types of analog computers. However, to give the reader some idea
of the relation of accuracy to the speed of solution, we cite the following
accuracy figures: high-speed computers, 1 to 10 per cent; real-time
computers, 0.1 to 1 per cent; extended-time computers, 0.01 to 0.1 per
cent.
Note that degree of accuracy appears to vary inversely with speed
of operation. With regard to these figures, it should be borne in mind
that there are many instances in which the figure of accuracy given here
for anyone group has been exceeded by at least one order of magni-
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tude, and that skill in programming coupled with a knowledge of the
problem and an understanding of the capabilities and limitations of
the computer are prerequisites to the realization of the maximum
accuracy.
In selecting an analog computer, we must also weigh whatever requirements exist for flexibility, and the need for a general-purpose
versus a special-purpose computer, with the cost of the machine. The
availability of computing elements, automatic digital and punchedtape read-in and read-out features, and removable problem boards all
increase the applicability of the computer at a corresponding increase
in cost. The cost of a typical d-c computer containing 20 to 30 amplifiers is in the order of $15,000. Computing installations with some
200 to 300 amplifiers plus associated nonlinear and recording equipment costing in the neighborhood of $500,000 to $1,000,000 are becoming prevalent.
6.2

FUNDAMENTALS OF ANALOG COMPUTATION

Before analyzing the theory of operation of representative analog
computer components, we shall describe the fundamental computer
operations and the philosophy behind the mechanization of some simple
examples.

Fig. 6.2 Amplifier block diagram

As stated before, the feedback amplifier, shown symbolically as a
triangle in Fig. 6.2, performs the addition of voltages Xl, X2, ••• , X n ,
multiplied, respectively, by constants kl' k2' ... , k n . The amplifier
is comprised of three stages with negative feedback and gives a sign
inversion in the output. The result is
n

y

= -

k1Xl -

k2X2

-

.•• -

knxn = -

L

kiXi

(6.1)

i=l

Each constant ki' called the gain, represents the ratio of the feedback
impedance of the amplifier to the corresponding input impedance. In
the case of the summing amplifier the two impedances are resistances.
The value of k i is generally taken to be some integer such as 1, 5, 10,
or 50.
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The integrating amplifier, Fig. 6.3, is represented by a triangle with
a double line. Each input, in this case, is multiplied by a 'gain k i ;
the result is summed, integrated, and inverted in sign to give
y

~ - J(k1Xl + le2X2 + ... + lenx.) dt =

-

t.

J( kiXi) dt

(6.2)

Electronically, the sole difference between the summing and integrating amplifiers is in the feedback impedance. The capacitor replaces
the resistor as the feedback element in the integrator. In most analog

computers, switches are provided by means of which an amplifier may
be interchangeably a summer or an integrator. In contrast to the integrating amplifier which always integrates with respect to time, the
mechanical integrator is distinguished by the fact that it can perform
integration with respect to any variable, independent or dependent.
In this respect the mechanical differential analyzer is a more versatile
instrument than is the electronic computer. If the input impedance to
the amplifier is a capacitance and the feedback impedance IS a resistance, then the amplifier becomes a differentiator.
___________X________~~~--~Y-=-kX-----

Fig. 6.4 . Potentiometer block diagram

Multiplication by a constant k of magnitude less than or equal to
unity is performed by a linear potentiometer. Represented symbolically by a circle, the potentiometer accepts the input x, Fig. 6.4, and
yields the product
(6.3)
y = kx
The combination of a potentiometer and an amplifier produces nonintegral gains greater than u.n~ty. For example, the relation
y

= -7.45x

(6.4)

is achieved by a potentiometer set. at the value of 0.745 in series with
an amplifier with an input gain of 10, as shown in Fig. 6.5. A typical
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analog computer has 30 amplifiers and 40 to 50 potentiometers (Fig.
6.6). Together, the two components suffice to solve linear differential
equations with constant coefficients. Problems in servomechanism

-----..;..;X---IOt-----l0~[:>

y

= - 7.45.

Fig. 6.5 Potentiometer amplifier combination

design, aircraft design, and chemical analysis, for example, are describable, in the first approximation at least, by this class of equations.
Passive networks are also employed to produce linear relationships,
when expressed in transfer function form, which is a common engineer-

Fig. 6.6 Analog computer installation

(Courtesy Dian Laboratories, Inc.)

ing practice. For example, the simple time delay given by the rela'tion
y
1
(6.5)
x
1 + RCp
is simulated by the RC network of Fig. 6.7. The operator p denotes
differentiation with respect to time. High-order lead and lag networks
are synthesized by combinations of, RC components. In the network
analyzer, ,inductors are employed as well as resistors and capacitors.
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The next group of components, servomechanisms (which are representative of the class of multipliers), resolvers, diodes, relays, and
function generators enter into the computation picture when the prob-

Fig, 6.7 RO network for eq. 6.5

lem contains nonlinearities of some sort. The servomechanism (Section 6.4) is represented by the symbol of Fig. 6.8, where ± 100 volts
is placed across the follow-up potentiometer and ±w across a second
mUltiplying potentiometer ganged to it. The output at the arm of
+ 100

w

-y

x

-100

=

xw
100

-w

Fig. 6.8 Servomechanism block diagram

the multiplying potentiometer is the product of the .input voltage
x
.
to the servomechanism and the voltage across the servo pentiometer
w divided by the voltage across the follow-up potentiometer, 100, i.e.,
XW.

y=-

100

(6.6)

Interchanging the voltages wand - w across the multiplying potentiometer gives
xw
y=

100

(6.7)

The resolver is a special type of nonlinear device which carries out
transformations from rectangular to polar coordinates and conversely.
its most general function is shown in block form in Fig. 6.9. The resolver is mounted on a servomechanism whose 'shaft· turns through the
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angle (). If A and B, the rectangular coordinates of a point P, are
inserted in the resolver and () is the angle through which the coordinate
system is rotated, the two outputs of the resolver

+ B sin ()
B = - A sin () + B cos ()

if

=

A cos 0

(6.8)

are then the coordinates of the point with respect to the rotated
system.
+ 100
A =A cos () + B sin ()

A

-~)jj=-A

x

sin 8+Bcos8

-100

Fig. 6.9 Resolver block diagram

Diodes are employed in many applications to generate straight"
line characteristics or linear approximations to curvilinear func"
tions. In the particular arrangement shown in Fig. 6.10, volt"
ages V 1 , V 2 , " ' , Vn are inserted across the cathodes of successive
diodes, each of which conducts when the input x exceeds the correspond"
ing cathode voltage. The output y is composed of a series of straight"
x

111

y

RIllR21Rn
11

V2

Vn

Fig. 6.10 Diode arrangement

line segments, the breakpoints of which are determined by the voltages
Vi and the slopes of which are a function of the resistors R i .
The relay amplifier shown in Fig. 6.11 is a "logical" device which con"
troIs the operation of one or more single"pole, double-throw relays.
Two voltages wand x are introduced at the plus and minus inputs,
respectively, to the amplifier;.the voltage V 1 is.inserted at the normally

!
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closed contact and V 2 at the normally open contact of the relay. When
x L w the relay is de-energized and the output of the relay arm (A)
is V 1. When x > w the relay is energized and the output is V 2.· Each
of the four signals may be either c<?nstant or variable.. Such phenomena, characteristic of control systems, as dead space, backlash, hysteresis, and coulomb friction can be simulated by means of relays.
The function generator, shown schematically in Fig. 6.12, represents
any analog device for producing the function f (x), given x. It may
involve a combination of diodes or relays, as described above, a photow

x

+

li - - - - I

NC
A

V2 - - - - I

NO

I-----Y= t'J.

V2

x~w
X>W

..

Fig. 6.11 Relay amplifier block diagram

electric tube-cathode-ray tube unit, a mechanically driven cam, a
tapped or nonlinear potentiometer, or a curve follower. The function
generator is necessary for the introduction of arbitrary functions,
which are customarily synthesized from experimental data. Typical
illustrations are the lift and drag curves of an aircraft expressed as
functions of Mach number and angle of attack.
Having reviewed the basic units of the functional computer, let us
consider the mechanization of a few simple differential equations, arising from the description of some common physical phenomena. The

_X________

~~

·~I~~Y~=~f~~~'--

_______

Fig. 6.12 Function generator block diagram

object of the following exposition is to demonstrate the manner of
proceeding from the differential equations to the computer circuit in
a straightforward manner. The "patching" of the computer according
to the circuit diagram is virtually "one-to-one," i.e., there is one patch
cord for every connection on the diagram.
The first equation
my === mg

(6.9)

describes the traj ectory of a fallin:g body subj ected to gravity y =
32.16 ftjsec 2, where y represents vertical distance. The initial dis-
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placement is taken to be y(O) = -60, and the initial velocity
= -100. The recommended procedure is to write each differential equation with the derivative of highest order as the sole lefthand member, and with the remaining terms' in the right-hand member.
Equation 6.9 is already ,in this form; division by the common factor m
gives
y=g
(6.10)

y (0)

The constant g is generated (Fig. 6.13) by inserting 100 volts across a
potentiometer 1 set at the value gllOO. Its output is therefore 100
(gllOO) = g which, by virtue of eq. 6.10, is equal to y. This term is
introduced to integrator 1 whose output is simply -y, which in turn

-y

100---i
g

100

Ie = initial conditions

Fig. 6.13 Schematic for solution of y

=g

becomes the input to integrator 2, the output of which is the desired
trajectory y. Initial conditions are inserted across each integrator by
means of an associated linear potentiometer. A switch places either
+ 100 or -100 volts across potentiometer 1, which is adjusted to give
the proper initial value. Inasmuch as the output of integrator 1 is -y,
the correct initial condition is -yeO) = + 100. The initial condition
inserted across integrator 2 is yeO) = - 60. The voltage outputs of
integrators 1 and 2 are taken to a recorder which displays the velocity
y and the displacement y as functions of time. Note that there are
three external connections in the mechanization; the computer circuit
accordingly requires three cords.
If we consider the free vibrations of a mass m suspended from a support by a linear spring k and subject to viscous friction r, the differential equation describing the motion is given by

my + ry + ky

=

0

(6.11)

where y denotes linear displacement, and where the initial coordinates
are given by
yeO) = A

yeO) = B

(6.12)
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y, and dividing by m,we have'
ry ky
(6.13)
y=----

Isolating the highest derivative

m

m

Let us assume, for the moment, that y exists as the input to integrator 1
in Fig. 6.14. This may appear strange since y is patently unknown.
The philosophy, however, is to create y from the two terms in the
right-hand member of eq. 6.13, which are proportional to successive
integrals of y, namely y and y. We therefore integrate y in integrator 1

-,.jIm

-ky/m

Fig.6.14 Schematic for solution of my

+ry + ky=

0

to form -y which is multiplied by rim by means of potentiometer 1.
The output is returned to integrator 1 since the term -rylm is precisely
one of the two contributions to the term y. Integrating -y in integra- .
tor 2 produces y which is converted to -y by means of amplifier 3.
This term is multiplied by kim, potentiometer 2, and is fed back as
the term -kylm to integrator 1. The loop is now closed and the
original assumption that y exists as the input to integrator 1 has been
validated. The principle of feedback occurs in virtually all analog computer circuits (the first example, Fig. 6.13, is an exception) .. Thus,
feedback characterizes analog computation in two distinct respects: in
the design of individual components such as amplifiers and servomechanisms, and in the programming of computer circuits. The initial condition - B is inserted across integrator 1 and A across integrator 2.
The damping of the system may be varied by potentiometer 1 and the
stiffness by potentiometer 2.
The first two examples have been linear in nature, requiring only
amplifiers and linear potentiometers for their solution. As a nonlinear
example, consider the trajectory of a falling body subject to nonlinear
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resistance proportional to the square of the velocity. The equation of
motion is
lny = lng -

eil

(6.1tJ)

The initial conditions are taken equal to zero.

We write

y = g - efi/m

(6.15)

As before, the acceleration y is assumed to be the input to integrator 1
in Fig. 6.15. The gravitational term is generated as in the first example.

-y

100

y

100

-y

-y

-100

Fig. 6.15 Schematic for solution of my

= mg - eil

The series combination of integrators 1 and 2 produces y. In this example there is a feedback loop due to the presence of the term -efi /m,
which is generated by means of a servomechanism. If the servomechanism is driven by - Y and if =Fy are inserted across one of the servo
potentiometers, the output of this potentiometer is y2/100. Sign inversion by means of amplifier 3 yields -y2/100 and multiplication by
2c/m (potentiometer 2) gives - cy 2/50m. Since the contribution to
y is -cfi /m, this term is introduced to integrator 1 on a gain of 50.
This closes the loop.
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It is pertinent to observe how the direct analog would treat eq. 6.11
with a forcing function F(t)

my

+ riJ + ky

(6.16)

= F(t)

Many electrical analogs are possible, two of which are listed in Table 6.1.
Table 6.1

Analogous Electrical Quantity

Mechanical Quantity

Velocity
Force
Mass
Reciprocal spring stiffness
(compliance)
Damping coefficient

Kirchhoff's
Voltage Law
Current
Voltage
Inductance
Capacitance

Kirchhoff's
Current Law
Voltage
Current
Capacitance
Inductance

Resistance

Reciprocal
resistance
(conductance)

In the first case, Kirchhoff's voltage law is used, current being the
analog of velocity. Write
y=v
(6.17)
Then eq. 6.16 becomes

mv + rv + k f v dt

(6.18)

= F (t)

R

L

c

E(t)

Fig. 6.16 LRC circuit for eq. 6.19

Consider the loop equation of Fig. 6.16. Equating the applied voltage
to the voltage drops in the loop, we have
di·
L dt

1

+ Ri + C~fi dt =

E(t)

The correspondence between eqs. 6.18 and 6.19 is clear:
1
v = i,
F(t) = E(t),
m = L,
k c, r = R

:=

(6.19)

(6.20)
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Thus, for each mechanical parameter, a corresponding electrical parameter is obtained. The vibrations of the mechanical system are studied
by observing the oscillations of the electrical system.

let)

L

c

R

Fig. 6.17 LRC circuit for eq. 6.21

Alternately, Kirchhoff's current law may be used, Fig. 6.17, where the
analog of velocity is 'Voltage. Equating the applied current let) at a
node to the currents emanating from the node, we have .
1
L
-

f

Edt

+ -ER + c -dE
= l(t)
dt

(6.21)

The analogy between the mechanical and electrical quantities is
v =E,

F(t) = let),

m = C,

1

-=L
k

'

1

r= R

(6.22)

Transformers and amplifiers are introduced in the analyzer in more
complicated examples-to achieve physical realizability, for isolation, and for impedance matching.
6.3
6~3. l

COMPUTING EQUIPMENT

The Feedback Amplifier

The feedback d-c computing amplifier consists of a high-gain d-c
amplifier with gain - p., an input impedance Zi, a feedback impedance
Z" and an a-c chopper amplifier with gain Ii., Fig. 6.18. The input is
designated as x and the output as y. The first of the three stages of the
d-c amplifier is a dual-grid tube with the summing junction of the input
and feedback currents at the first grid. The voltage at the grid eg is
magnified by the a-c chopper amplifier and introduced at the second
grid of the first stage. It will be shown that the effect of the chopper
amplifier is to increase the open-loop gain of the amplifier by a factor
K, which makes it a more accurate computing component and which
decreases the effect of drift or unbalance, ea. The grid current, ideally
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Fig. 6.18 D-c amplifier circuit

equal to zero, is denoted by ig • Applying Kirchhoff's current law at the
node G, we have
x-e
e-y
- - g = -g-- + i g
(6.23)
Zi
Z/
.
The output of the amplifier is the product of its gain, - J.t, and the sum
of the voltages appearing at the first stage, namely the grid voltage eg ,
the unbalance ed, and the chopper output Keg; that is
y = - J.t(e g

+ ed + Keg)

(6.24)

By eliminating eg between eqs. 6.23 and 6.24, the result is

In the ideal case,
(6.26)
That is, the ratio of output voltage to input voltage is the negative of
the ratio of output impedance to input impedance. If both Z/ and Zi
are resistances, the amplifier is a summer; if Z/ is a capacitance and Zi
is a resistance, the amplifier is an integrator; if Z/ is a resistance and
Zi is a capacitance, the amplifier is a differentiator. This ratio is the
gain ki of Section 6.2.
Consider the three terms in the right-hand member of eq. 6.25 .. The
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first term reduces to the ideal relation if the product JL(l
finite. Typical values are
JL

=3

X 10\

I{ = 2 X 103 ,

JL(l

+ I{)

+ I{)

is in-

= 6 X 107

The chopper reduces the error term in this expression by the factor
(1 + K). For zero unbalance and zero grid current, this term describes
the performance of the feedback amplifier. The second term in the
right-hand member of eq. 6.25 may be reasonably approximated by
the expression ed/ (1 + K) . Thus, the chopper reduces the error due
to unbalance also by the factor (1 + K). The third term is essentially
equal to Z,ig and reveals that the error due to grid current is approximately equal to the product of the grid current and the feedback impedance. A typical value for ig is 100 micromicroamperes. In the case
of an integrator, Z, = l/pC, which shows that the error due to grid
current is integrated. Some recent developments in amplifier design
are aimed at reducing the error due to grid current also by a factor
approximately equal to K. As this analysis demonstrates, one of the
most significant advances in the electronic analog computer field since
its inception was the invention of the chopper amplifier, for it makes
long solution times possible without the deleterious effects of drift.
The functional computer generally has four modes of operation,
which are related to the states of the summing amplifiers and integrators. (Differentiators are used rarely since they magnify the effect of
noise.)
(1) Balance. All inputs to amplifiers and integrators are disconnected. Any initial unbalance is removed so that there is zero output
for zero input in each amplifier.
(2) Reset. All amplifier inputs are connected, but the integrator inputs remain open. Initial conditions are inserted, and the amplifier
outputs assume their proper initial values, but integration does not take
place.
(3) Operate. All connections are made and the solution is obtained.
(4) H old. All inputs to integrators are disconnected so that the
solution is halted. The output of every amplifier may be inspected,
and then the solution may be continued by switching once more to the
operate state.
6.3.2 Passive Networks
Passive networks consisting of resistors and capacitors are often
employed in functional and- direct analog computers precisely as they
are in automatic control systems-namely to synthesize transfer functions. For example, -the simple delay
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y

a

x

b + cp

(6.27)

is simulated by the network of Fig. 6.19. Equating the ratio of output
voltage y to input voltage x to the ratio of their respective impedances
to ground, we have
y

x

(RI/pC)/(R I
R

+

+ 1/pC)

(RI/pC)/(R I

+ 1/pC)

RI

a

----- = --

R

+ RI + RRI Cp

b + cp

(6.28)

with
. (6.29)
x--__An~~--,-------y

c

Fig. 6.19 RC delay network for eq. 6.27

In Fig. 6.20 is shown a circuit for synthesizing a somewhat more
complicated transfer function. Therelation
1/pC

y

x

+
+ +
1 + (R + R1)ClP
1 + (RC + R1Cl + RC1)p + RR 1CC lp 2
(1/pC)

+

R(RI
1/pC1)
R
Rl
1/pC1

1 + ap
1 + bp

+ Cp2
(6.30)

holds, with

This method effects a savings in equipment, but it may. suffer from
inaccuracies due to the loading of the circuit by the impedance of the
element that follows it, e.g., the input resistance of an -amplifier. The
d-c feedback amplifier, whose output impedance is-virtually zero, may

153

ANALOG COMPUTERS
R
x

y

Fig. 6.20 RC network for synthesizing the transfer function of eq. 6.30

serve to generate complex transfer functions if we recognize that in the
ideal expression
y
(6.26)
X
Zi
the impedances Z, and Zi need not be simple resistances or capacitances,
but may indeed be RC networks. In this role, the amplifier is called
an operational amplifier. In Fig. 6.21 the input impedance consists of

x

y

Fig. 6.21 Operational amplifier with transfer function specified by eq. 6.34

a combination of two resistances, each of value R, and capacitance C.
The feedback impedance is R I . Recalling that the grid is effectively
at zero potential, we write
.
RjpC

z

R

+ IjpC.

1

RjpC

x
R

+R+

2

+ RCp

(6.32)

IjpC

and

y

Rl

Z

R

(6.33)
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or
y

y

Rl

Z

-=-.-=
X
Z x

R (2

a

+ RCp)

b + cp

(6.34)

This expression is similar to eq. 6.28 (within a minus sign) with
a = Rl

b = 2R

(6.35)

c- = R 2 C

x

Fig. 6.22 Operational amplifier with transfer function specified by eq. 6.36

Figure 6.22 shows a second operational amplifier with the feedback
impedance a more complicated network in this case. The relation of
output to input is given by (see eq. 6.30)
y

R2

X

R

+ 2R 1Cp
1· + 2Rl Cp + RIR2C2p2
1

-A

+ ap
1 + bp + Cp2
1

(6.36)

with

A

= R2/R

a = 2R 1 C

b = 2R 1 C
C

(6.37)

'= R 1R 2 C2

Convenient tables exist for selecting the proper RC networks for a
given transfer function by either of the methods above. In Section 6.6
we shall treat a more flexible method, although a less economical
method equipment-wise, for generating transfer functions, using conventional d-c feedback amplifiers.
6.3.3

Linear Potentiometer

The linear potentiometer, is shown symbolically in Fig. 6.23 where x
is the input, y the output, R the potentiometer resistance, a the fraction
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of the total resistance contacted by the wiper or arm, and RI the load
resistance. We derive
y

=

+R
aRRt/(aR + R 1) + (1 aRRt/(aR

1)

a)R

x

=

ax
1

+ (RjRl)a(l

- a)

(6.38)

The desired output is y = ax; the actual output is somewhat less, owing
to the nonzero value of the ratio RIR I . Loadi~g curves are available

x----.....,
R

~
Fig. 6.23

Linear potentiometer circuit

to give the correct setting. In most cases, the potentiometers are set
manually (or automatically by means of a digital keyboard) by inserting 100 volts across it and observing the output on a servomechanism. The potentiometer is adjusted (with the loading in effect) until
the actual output is the desired fraction of the input. The final correct
setting is then generally larger than the value a.
6.3.4

Multiplier

The computing servomechanism is essentially a device for converting an electrical voltage into a mechanical shaft rotation. Its principal
z

w
":>-OE-~-- Y = xzw

x

-z

-w

Fig. 6.24 Servomechanism circuit

function is to perform the multiplication of variable quantities, as
shown in Fig. 6.24, where x is the input voltage, () the shaft rotation,
±z the voltages across the follow-up potentiometer, and ±w the volt-
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ages across the multiplying. potentiometer. The follow-up' and the
multiplying potentiometers are ganged together mechanically, so that
the arms of both potentiometers are displaced through the same angle O.
It follows then that

x

y

z

w
wx

or

Y= -

(6.39)

(6.40)

z

where x and yare the voltages at the arms of the follow-up potentiometer and multiplying potentiometer respectively. As described in Chapter 4, the servomechanism moves in such a manner as to null continuously the difference between the input and the follow-up signals (if the
velocity and acceleration limits of the servomechanism are not exceeded), i.e., we assume
(6.41)
x=x
combining eqs. 6.40 and 6.41 gives
wx

y= -

(6.42)

z

It is customary to set z = 100. The servomechanism loses its effectiveness when the signal has a high-frequency content, for in this case
the mechanical shaft motion tends to lag behind its correct value, invalidating eq. 6.41. Products of x with other variables may be formed
by ganging additional potentiometers on the shaft.
100

-w

Fig. 6.25 Division circuit using potentiometers
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Division is accomplished by placing the mUltiplying potentiometer
in the feedback path of an amplifier circuit. One scheme is illustrated in Fig. 6.25. Let the quotient
y

Q=-

(G.43)

x

be sought where x is positive. The output of amplifier 1, designated as
-w, is inserted across the multiplying potentiometer, the output of
which, -xw/lOO, is returned to amplifier 1. The signal -w is inverted in amplifier 2 and the output w is also fed back to amplifier 1.
The equation satisfied at the input to this amplifier is

w"i=

-xw

--+w+y
100

.

(6.44)

or
100y
w=-x

(6.45)

which is proportional to the desired quotient. In Section 6.5 a division
scheme which makes use of the implicit-function technique and
which involves only a single high-gain amplifier is described.
Time division. The first of the electronic schemes for multiplication
of two variables to be described bears the general name of time division.
A symmetrical square wave is generated with the duration of each
pulse in the wave train proportional to one of the variables and the
amplitude proportional to the other. Filtering yields the average value
of the square wave which is proportional to the product of the two
signals.
Amplitude and frequency modulation. A second, more recent, development in the search for an electronic multiplier is one based on
the amplitude and 'frequency modulation of a high-frequericy carrier
signal, Fig. 6.26. Frequency modulation of the carrier produces a frequency deviation which is proportional to the variabl~ x. The amplitude of the resulting FM signal is then set according to a constant voltage w (which plays the role of the follow-up voltage in the servomechanism). A discriminator-detector extracts a signal aw - bw proportional to the FM content which is fed back to match the input x,
and a signal aw + bw proportional to the AM content which is fed back
to match w. The FM feedback assures that the frequency deviation in
the carrier is truly. proportional to x. The AM feedback serves to
insure that theFM signal is of constant amplitude, namely w, inasmuch
as frequency modulation can introduce some undesired amplitude mod-
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ulation. The AM feedback loop, or automatic-gain circuit, has its
servo analog in the voltage regulation necessary to keep the voltage
across the follow-up potentiometer constant. The FM signal is now
fed to an amplitude modulator, the second input to which is the
sum z + w. The output of this modulator is a signal whose frequency
deviation is proportional to x, and whose amplitude is proportional to

,

x

I
I

I
I

I

aw-b w

'W

Discriminatordetector

I
I
,I
I
I

I
z

Discriminatordetector

ay+ by

Fig. 6.26' AM-FM multiplier block diagram

z + w. The AM output of the second discriminator-detector ay + by
is fed back to match z +w. The second output is designated as
ay - by. The following relations hold, in which k is a constant, and A,
frequency deviation.
aw

ay

7""'"

b w = k(W)(Af)

by = k(w

(6.46)

+ Z)(Af)

(6.47)
(6.48)
(6.49)

From eqs. 6.46-6.49
--=--w~+ Z

ay - by

r

(6.50)
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or

r=

xz

+ xw

xz

=-+x
w

w

(6.51)

In practice the quantity - r is formed and x is added to it. The product
xz/w is produced at the output of the summing amplifier.

Several additional mUltiplication schemes, which demonstrate the
diversity in the approach to this problem, are described briefly. The
"quarter-square" method is based on the equation
(a

+ b) 2 -

(a - b) 2 = 4ab

(6.52)

Given the quantities a and b, the sum and
Wheel
difference of the two can be formed; these
are then· squared and subtracted to y'ield
the desired product of a and b. Thus, the w (
burden of multiplication is thrown on the
.
generation of squares. Electronically, this
L.....-...,....-----i--_---I Disk
has been carried out by means of: vacuum
tubes in which a parabolic relation exists
between plate current and grid voltage, diodes arranged to give a straight-line approximation to a parabola, and more recently by means of thyrite and the photoelectric function generator. The success of Fig.6.27 Wheel-and-disk inthese methods depends strongly on produc- tegrator
ing identical square-law curves.
Another method makes use of the logarithmic relations
log xy

=

log X

+ log y

(6.53)

and
xy

= antilog (log xy)

(6.54)

That is, given x and y, the logarithms of the two quantities can be
generated, the results summed, and then the antilogarithm formed.
Any of the standard function generators may be applied to this end.
On mechanical differential analyzers, where integration is carried out
with respect to any variable, multiplication is reduced to a problem in
integration by virtue of the formula for integration by parts
xy =

f

x dy

f

+

y dx

(6.55)

The mechanical wheel-and-disk integrator is shown in Fig. 6.27. If
the wheel is driven by the variable w, the disk by v, and if the wheel
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is displaced from the center of the disk through a distance u, then
equating corresponding elements of arc on disk and wheel gives
u Av

=

(6.56)

rAw

where r is the -radius of the wheel. - Passing to the limit and setting
r = 1 for convenience, -we have

w

=

fUdV

(6.57)

To form the produc~ xy according to eq. 6.55 therefore requires two
mechanical integrators.
Dual amplitude modulation is another electronic method of multiplication, finding particular application in high-speed computers, Fig.
Carrier: sin wt

xy

y

Fig. 6.28 Dual amplitude modulation

6.28. A carrier, sin wt, is first amplitude-modulated according to x
to give x sin wt. -'The result is then amplitude-modulated according to
y to give xy sin wt. Demodulation of this signal yields the product xy.
6.3.5 Resolvers
Resolvers are generally capable of three modes of operation:
(1) Polar to rectangular transformation. Given polar coordinates
rand 0, to generate the rectangular coordinates

A = r cos ()
B = r sin ()

(6.58)

(2) Rectangular to polar transformation. Given rectangular coordinates x and y, to generate the polar coordinates

r = ...;A2
() =

+ B2

tan- 1 BIA

(6.59)
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(3) Rotation of axes. Given the rectangular coordinates A and B,
of a point with respect to one set of orthogonal axes x, y, to find the'
coordinates of the point with respect to a second set of orthogonal
axes which are rotated through the angle () with respect to the first set

A = A cos () + B sin ()

B=

- A sin ()

+ B cos e

(6.60)

The most popular and accurate method for performing resolution on
an a-c computer is the a-c induction resolver, mounted on a servomechanism, in which resolution is achieved by magnetic coupling between
two stators and two rotors. Voltages proportional to A and B are inserted across the two stators which are perpendicular to one another.
Voltages proportional to A and B (eqs. 6.60) are then induced in the
two rotors which ~re perpendicular to one another and are free to rotate through .the angle e. If the voltage B is equated to zero and the
voltage A is equated to r, then from eqs. 6.60, we have

A

= r cos

B=

e

-rsin e

(6.61)

which are analogous to eqs. 6.58. As before the conversion from rectangular to polar coordinates is effected. by feeding A and B into the
stator coils. In this case, however, the signal B is fed back as the
input to the servomechanism in place of the, customary feedback from
the follow-up potentiometer. Since the servomechanism drives to a
null, we have
(6.62)
- A sin e + B cos e = 0
or
e = tan-1 BIA
(6.63)
and the second output of the resolver becomes
r =

2
A(VA:+ B + B(YA2B+ B2) = VA + B'
2)

(6.64)

The use of the a-c resolver with the functional d-c computer necessitates modulation and demodulation to make the two compatible.
Lately, d-c resolution has been accomplished by means of a tapered
wire-wound potentiometer, as in Fig. 6.29. If ±B are inserted acrOSE;
the first potentiometer, its outputs are B sin () and B cos (). The arms
of the' second potentiometer, mechanically gang~d to the first, are
displaced' by 90 degrees from them. Accordingly, if ± A are inserted
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across it, the outputs are A cos 0 and-A sin O. Amplifiers are required to form the necessary additions for realizing the functions in
eqs.6.60.

Fig. 6.29 Resolver circuit
6.3.6

Function Generators

The term function generator describes an extremely broad class
of analog computer devices whose purpos'e it is to introduce arbitrary
functions into the mechanization. These -functions may, for example,
be simply sinusoidal or exponential in nature; they may represent the
nonlinear characteristic of some device, such as backlash in a gear
train or dead space in a servomechanism, or they may simulate the
lift and drag curves of a missile in terms of its speed or angle of attack.
Among the types of function generators are: (1) electronic diodes;
(2) electromechanical relays; (3) nonlinear, tapped, and loaded potentiometers mounted on servomechanisms; (4) photoelectric followers; (5) input tables; (6) two- and three-dimensional cams.
Where speed of response is of the essence, e.g., in real-time operation,
diodes and the photoelectric follower prove applicable. The electromechanical relay, which is driven bY' a relay amplifier and has a
,closure time in the -order of milliseconds, may also serve the purpose.
A simple diode configuration for generating a function consisting' of
two straight-line segments is shown in Fig. 6.30a. The diode is placed
in the feedback path of a d-c amplifier whose input resistance is Ri
and whose feedback resistance is R,. A battery is placed in series with
the diode and the resistorR 11 such that the voltage presented to the
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cathode of the diode is equal to y + ee, where y is the voltage output
of the amplifier and ee is the battery voltage. When y exceeds - ee,

y
(a)

y

1: Nonconduction

--------~~--~--x

2: Conduction
(b)

Fig. 6.30 Diode circuit

the voltage y + ee is positive; the diode does not conduct and the output is given simply by
R/
y = --x
(6.65)
Ri
which is the equation of segment 1 in Fig. 6.30b. When y decreases
below -ee, the diode conducts, and we have by summation of currents
at the grid G
(6.66)

or
(6.67)

which is the equation of segment 2. There are many possible. arrangements of diodes, in series and in parallel, in'the input and feedback paths of the amplifier for simulating various characteristics.
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A simple relay circuit for simulating the dead-space characteristic
of Fig; 6.31a is shown in Fig. 6.31b. The equations that apply are
y=x

x>a
-a

<x<a

(6.68)

y=O
y = -x

x <-a
y

----,,--~----~----x

-a

a

(a)

x

a

-a

+

I-----~y

-%

(b)

Fig. 6.31

Relay amplifier circuit

Recalling that the relay amplifier energizes its associated relay (normally open position) when the plus input exceeds the minus input, it
follows that relay 1 is energized when x > a and relay 2 is energiz~d
when x < -:-a. The voltage x is also inserted in the normally open
contact of the first relay and -x is introduced in the normally open
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contact of the second relay. The normally closed contact of relay 1
is grounded and its arm (A) is connected to the normally closed contact of relay 2, the arm of which yields the desired output. The
output of the first relay is then either x or 0, and that of the second is
x, 0, or -x, as summarized in Table 6.2.
Table 6.2

State
x>a
-a < x < a
x <-a

Relay 1

NO
NC
NC

Output
x
0
0

Relay 2

NC
NC
NO

Output
x
0
-x

The photoelectric curve follower, Fig. 6.32, consists of a cathoderay tube, a mask, and a phototube. The given curve is shaded black
below its boundary and is int~rposed between the cathode-ray tube and

Phototube

Shaded
mask
D-c amplifier

x input

D-c amplifier

youtput

Fig. 6.32 Photoelectric function generator block diagram

the phototube. The horizontal deflection of the cathode-ray tube
beam is controlled by the x input, and the vertical deflection by the
phototube and the y amplifier. The circuit constants are selected so
that the correct amount of light is seen by the photocell when the
spot is approximately half shielded by the shaded portion of the mask.
If the spot becomes more exposed, the additional light produces a
voltage which is reflected to the vertical deflection plates of the
cathode-ray tube and which drives the spot down behind the mask
until the light intensity is again correct. Conversely, if the photocell
sees insufficient light, the spot is driven in an upward direction. Thus,
as the beam is deflected in the x direction, the spot is forced continually
to ride on the edge of the mask. The voltage controlling the vertical
deflection is y (x).
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6.3.7

Recorders

The results of an analog computer analysis are continuously available, either for visual observation or for a permanent record. The
choice of a suitable recorder depends on several considerations: (1)
the required speed of response, (2) the required accuracy, and (3)
whether the computer outputs which are to be plotted are restricted
to being functions of time or whether they are more generally functions
of some dependent variable. High-speed and repetitive computers
display the results on a cathode-ray tube which is pulsed in synchronism with the initiation of the solution so that the results appear
stationary to the viewer. The effect of changing a parameter, by means
of a linear potentiometer, say, is immediately apparent to the observer. Permanent records may be obtained by using a camera in
conjunction with the cathode-ray tube. Optical recorders are employed
for functions which contain frequencies as high as 15,000 cycles per
second, the high-frequency response being achieved by focusing a
beam of light on moving film. Limited accuracy is the price paid
for the high-frequency response of these recorders.
In general-purpose analog computer installations, multichannel direct-writing recorders are used for plotting functions of time with a
frequency response up to 100 cycles per second. Where higher accuracy is desired, the plotting board is employed. It consists of a
servo-driven carriage, moving in one direction, on which rides a pen
that is servo-driven in a perpendicular direction. Accuracies of 0.1
per cent are realizable on plotting surfaces of 30 inches by 30 inches.
The frequency response is limited by the velocity and acceleration
capabilities of the servomechanisms. Families of curves plotting any
one variable versus any other with a third function as parameter are
conveniently obtained on the plotting board.
Magnetic tape recorders are finding increased application in analog
computer installations, particularly in those problems where a "memory" is required. Analog-to-digital converters are introduced to furnish
accurate static measurements. Their utility as dynamic recorders is
limited, however, because of the restricted speed with which these results may be recorded.
6.4

AN AUTOPILOT PROBLEM

The mechanization of some simple differential equations was developed in Section 6.2. We consider here the analysis of a typical autopilot system which is described by the following set of equations:
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(j = -0.2000 -

l'

=

0.812a

0.0536: - 4.32a - 15.2oc

+ 0.364o e

O=a+'Y

oe
where 0
'Y

=

aO/(1

+ Tp),

(6.69)
(6.70)

d
p=dt

(6.71)
(6.72)

= pitch angle of the aircraft
= flight path angle

a = angle of attack
oe = elevator deflection
T = time lag of the elevator servomechanism
a = proportionality constant, taken as a parameter

The first equation expresses the fact that the pitching moment to
which the aircraft is subjected is proportional to the pitch rate 8, the
rate of change of angle of attack ix, the angle of attack a, and the elevator deflection oe. The second equation describes the lift force exerted on the aircraft, the resulting angular rate l' being proportional
to a and oe. The third equation defines the pitch angle 0 to be the sum
of a and 'Y. The last equation describes the behavior of an autopilot
which is mechanized so that the elevator deflection is made proportional to the pitch rate 8 within the time delay T. This is an example
of automation in which the function of the autopilot is to minimize the
pitching motion of the aircraft. The purpose of such analysis might
be (1) to determine whether the autopilot carries out successfully the
function for which it is designed; (2) to determine the optimum value
of the proportionality constant a; and (3) to find the minimum value
of the time constant T necessary to insure rapid system response.
The first two differential eqs. 6.69-6.70 are already in a form for
solution on the computer, i.e., with the highest-order derivative terms
isolated in the left-hand members. The last equation written in the
form of a transfer function is replaced by the differential equation
(6.73)

where we have set T = 0.2.
The pitch acceleration (j is formed at the input to integrator 1, Fig.
6.33, the output of which is -0. Mter being multiplied by the factor
0.200, potentiometer 1, this term is fed back to integrator 1. The
term -i is formed at the input to amplifier 5 and is then integrated
in 3 to give -'Y. The result of combining 0 and -'Y in amplifier 6 is
-a, by virtue of eq. 6.71. This term is multiplied by the factor 4.32/5,
potentiometer 2, and is fed back to integrator 1 on a gain of 5. This is
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the term -4.32a in eq. 6.69. The term ~a is also mUltiplied by the
factor 0.812, potentiometer 7, and is fed back to 5 to contribute to
the summation, --y. The outputs of amplifier 5, ,y, and of integrator 1,
-0, are combined in amplifier 7 to give ix, which is inverted in amplifier
4.32/5
r-------------------------~ 2 r---~

15.2/50

(j

0.812
~--------~+---------------~.

7

~--~

Fig. 6.33 Autopilot schematic

8. The result is multiplied by the factor 0.053, potentiometer 3, and
the output is returned to integrator 1. In this manner, we have mecha~
nized all of the terms in the first three equations other than the contributions of the control surface deflection oe. In accordance with eq.
6.73, we multiply the output of integrator 1, -0, by the factor 5 in
amplifier 9 to give 50. Setting the input to integrator 4 equal to 5e
and its output to - oe, we form the terms 5aO, potentiometer 4, and
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-50 0 by means of the input gain of 5 on integrator 4. The term - 00
is multiplied by the factor 15.2/50, potentiometer 6, and is returned to
integrator 1 on a gain of 50. It is also multiplied by the factor 0.364,
potentiometer 5, and returned to amplifier 5. This completes the
mechanization.
This linearized analysis of the pitch stability of an aircraft is a
vast simplification of the fundamental and more general problem
which concerns itself with .the intercoupled six degrees of freedom of
a moving body (in contrast to the two included here): pitch, roll, and
yaw moments, lift, drag, and side forces. If we add to these equations
the relations expressing the dynamic behavior. of the radar, power
plant, and guidance systems, we arrive at the type of problem which
involves several hundred amplifiers, some 25 to 50 multipliers, some
20 to 30 function generators, plus resolvers, recording equipment, etc.
Many analog computer installations are concerned with the analysis
of this type of system.
6.5

SELECTED TECHNIQUES

The application of the analog computer to problems in such fields
as partial differential equations, polynomial equations, the secular
equation, the potential equation, network synthesis, the analysis of
noise and random variables, and flutter involves highly specialized
techniques. We treat here a few programming techniques which are
illustrative of the versatility of analog computers and which are
more directly applicable to problems in automation.
6.5.1

Transfer Functions

In Section 6.3, two different methods for synthesizing transfer functions were discussed: (1) by means of RC networks, and (2) by means
of operation amplifiers in which RC networks are inserted in the input
and/or feedback paths of a feedback amplifier. We now investigate a
third method which involves standard amplifiers. Although this technique entails more expensive equipment than do the first two, the
mechanization which results is the most convenient one to use when
any of the coefficients in the transfer function is to be treated as a
parameter which is to be varied from run to run in order to find its
optimum value. Consider, for example, the transfer function
V
E

+ alP + a2p 2
bo + blP + b2 p2 + p 3 '
ao

d

P=dt

(6.74)
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Equation 6.74 may be replaced by the equivalent set of two equations
_
E
(6.75)
V =
2
3
bo + blP + b2 P + P
or
...
....
(6.76)
V + b2 V + b1V + boV = E
and
.
..
(6.77)
V = ao V + al V + a2 V
Assuming that E is a given input, eq. 6.76 is solved for the highest
derivative
(6.78)
= - b2
b1
boV + E

v

V- V-

as shown in Fig. 6.34. The term 17 is formed at the input to integrator
1, and successive integrations yield V, V, and V, which constitute the

-v

E

Fig. 6.34 Transfer function schematic

feedback terms to integrator 1. Having generated the lower-order derivatives of V, we obtain V by forming the appropriate linear combination of these three terms in accordance with eq. 6.77. The mechanization makes use of three integrating and two summing amplifiers. Note
that each coefficient in the given transfer function may be varied by
simply changing the setting of one potentiometer.
6.5.2

Implicit-Function Technique

In the discussion of the multiplying servomechanism (Section 6.3)
a method for performing division is described that requires two am-
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y

-100

Fig. 6.35 Division circuit with a high-gain amplifier

plifiers in a feedback arrangement. Figure 6.35 shows a similar
mechanization which involves a single high-gain amplifier, i.e., an amplifier in which the customary resistance feedback is removed. We
write the desired quotient expressed explicitly,

z

y negative

= 100x/y,

(6.79)

as the implicit relation
F(x , y , z)

yz

===

x - -100 = 0

(6.80)

This is replaced on the computer by the approximate relation

z

F(x, y, z) ::: - -

(6.81)

I-'

Equation 6.81 is mechanized by inserting F as the input to a high-gain
amplifier (with gain - p.) and denoting its output as - z. Equation
6.81 is a reasonable approximation to eq. 6.80, if we recognize that the
value of p. at d-c is in the order of 107 • The choice of the negative sign
in the right-hand member of eq. 6.81 is necessary to insure stability
and is dictated by the fact that y is ~ssumed to be negative in the
present example.
The implicit-function technique is a powerful tool for generating
functions by the expedient of forming their inverses instead, an operation that may be simpler· to carry out. For example, the square root
(6.82)

is obtained by squaring; i.e., we write.
F(z, A) =

z

Z2 -

A "-' - -

,I-'

which is mechanized as in Fig. 6.36.

(6.83)
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F

Fig. 6.36 Square-root circuit

6.5.3

Differential Equations

We have investigated the manner in which function generators are
employed for the introduction of arbitrary functions into an analog
computer. Wherever possible, it is generally wise to consider the
feasibility of creating the functions, or close approximations to them,
as the solution of differential equations which can be mechanized in the
standard manner. For example, the harmonic function
y = A cos wt·

(6.84)

may be generated as the solution of the differential equation
fj = _w 2 y

(6.85)

with the initial conditions

yeO)

yeO) = A,

=

0

(6.86)

-wy=Y/w.
Fig. 6.37 Harmonic-oscillator circuit

This is mechanized as shown in Fig. 6.37. The outputs of integrators
2 and 1 are, respectively,
-if Aw sin wt
y = A cos wt ' and
(6.87)
- - - - = A sin wt
w

w
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The angular frequency w of the harmonics is adjusted by means of
potentiometers 1 and 2.
6.5.4

Linear Simultaneous Algebraic Equations

The solution of a set of simultaneous algebraic equations
n

L

aijXj

= bi

i=1,2,···,n

(6.88)

j=l

on an analog computer is, strangely enough, fraught with more difficulty than is the solution of linear or nonlinear ordinary differential
equations. Limitations of space prohibit a detailed analysis of the
reasons for this phenomenon; we must content ourselves with the
statement that if algebraic equations are mechanized by means of
standard d-c amplifiers, the setup will, in general, be unstable because
of the fact that the open-loop amplifier gain (- p.) is frequency dependent and is not a constant. This problem deserves particular attention here in view of the fact that such equations occur frequently in
automatic processes, e.g., in the oil and chemical industries. The
stability problem is not a simple one to solve; there are many approaches to its solution, one of which is illustrated here. As an example we take the case of three simultaneous equations. It can be
shown that stability is insured if the given set of algebraic equations is
replaced by a combined set of algebraic and differential equations
where the €i represent the errors in the solution, namely

+ apx2 + al3X3

aUXl

-'

+ a22 X 2 + a23 x 3 a3lXl + a32 X 2 + a33 X 3 a2l X l

dEl

-

dt

dE 2

-

=

dE3

El

b2 =

E2

ba

=

(6.89)

E3

I{EI

.

= I{E2

I{

dt
-

bl =

>0

(6.90)

= I{E3

dt
Xl =

-aUEI -

a2l E 2 -

a3l E 3

=

-aI2 E I -

a22 E 2 -

a32 E 3

X3 =

-aI3 E I -

a23 E 2 -

a33 E 3

X2

(6.91)
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The first set is solved for the errors €i, the second for the variables
E i , and the third for the unknowns Xi. The philosophy behind the }
mechanization is that the differential equations, if stable, possess steady-

Fig. 6.38 Schematic for linear simultaneous algebraic equations

state solutions which satisfy the given algebraic equations.
steady-state values are attained, then

For if

dE i
--70
dt

which implies that €i ---7 0, and that eqs. 6.89 reduce to eq. 6.88. This
is an automatic procedure; the time delay before steady-state values
are reached may be minimized by selecting the constant K large. A
mechanization, with all aij assumed to be positive, for simplicity, is
shown in Fig. 6.38.
6.6

DEVELOPMENTS AND REQUIREMENTS

In conclusion, we shall indicate some of the areas of analog computer development which exhibit the greatest activity, or in which the
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greatest need for design and development exists. With the trend
toward automation in business and industry, and the concomitant requirements of real-time computer operation, it is not surprising that
the goal of a great deal of this effort is an all-electronic computer which
achieves high-frequency response with no significant reduction in
accuracy.
(1) The one component which is the subject of the greatest engineering effort is the electronic multiplier. The time-division, diode,
and AM-FM multipliers, discussed in Section 6.3, are results of this
program. Although they are capable of high-frequency response (in
the order of several hundred cycles per second), their accuracy (about
0.2 per cent) has not quite equaled that of the servo multiplier (between
0.02 per cent and 0.1 per cent). The complexity of these electronic
multipliers is considerably greater than that of the servomechanism.
The search for a simple multiplier which obeys some physical law has
produced some results but, unfortunately, these multipliers are not too
accurate.
(2) Whereas success is being approached in the design of an electronic multiplier, the same cannot be said of the electronic resolver.
Such a device constitutes one of the -important needs in the analog
computer field today.
(3) The third in the series of nonlinear components which is described in this chapter is the function generator. Here the need is
for a unit capable of generating functions of several variables (such
as the three-dimensional cam). The most fruitful approach to this
problem has been in the analytic decomposition of the given function
into sums and products of functions of a single variable, each of which
can be synthesized by standard techniques.
(4) In Section 6.3 it was observed that recorders which possess
high-frequency response are generally incapable of high accuracy, and
conversely. It is often ironic that analog computer solutions stemming from mechanizations containing hundreds of components are generally more accurate than are the means of recording them. The need
exists for recorders whose accuracy and frequency response approach
those of the computer itself.
(5) Associated with the problem above, as explained before, is the
development of analog-to-digital converters for recording analog computer solutions accurately, although slowly. More generally, both
analog-to-digital and digital-to-analog converters are the object of
tremendous commercial activity directed toward application in the
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field of automation, in order to tie together analog and digital computers and instruments. This is the subject of Chapter 9.
(6) Several steps have been taken toward automating the insertion of a problem into an analog computer. Examples of this are
the digital keyboard, used in conjunction with a servomechanism
and clutches, for establishing the potentiometer settings, and the punchtape input, also used to perform. this function as well as to establish
the connections' between components.
(7) Some of the analog computers and simulators designed, more
recently, for example the submarine simulator described in Section
6.1, include automatic check systems for performing static checks and,
to a limited extent, dynamic checks. The static check permits the
verification of all component connections other than the inputs to
integrators; the dynamic check verifies the rates of integration.
6.7
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Digital ~ODlputers
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·7.1

INTRODUCTION

The digital computer, or as it is becoming known, the data-processing
or data-handling machine, is another tool for use in automation applications. It is the second broad type of equipment which is available for performing the computation necessary in many automation or
control processes. Compared with analog computing, the digital technique is relatively recent. Originally conceived for general engineering
and scientific computation, machines constructed for this purpose
were, in general, too expensive and too powerful mathematically for
control or automation. It is only within the last few years that smaller,
lower-priced machines have become available and have made economic
the application of digital techniques to the automation field.
7.2

ANALOG VERSUS DIGITAL (1)

1

In the analog technique we obtain a solution to a problem by making
measurements on a physical system. The simplest type of analog
system is the model, in which a scale version of the problem of in1

Numbers refer to the references listed at the end of this chapter.
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terest is constructed. From measurements made upon it the solution
to the full-scale problem is achieved by extrapolating these measurements. Another example of the analog computing system is the direct analog, in whiah some alternate system is found whose equations
of behavior are the same as the equations of behavior of the stated
problem. Measurements made on the alternate system are then directly transferable to the problem of interest. The last type of analog
system is the differential analyzer, which may be either mechanical or
electronic. In this case the machine actually solves the mathematical
equations which describe the problem. In any type of analog system
it follows that there is a direct correspondence between parts of the
problem and parts of the computer. In the case of the differential
analyzer, or electronic analog computer as it is sometimes known, the
correspondence is between parts of the equations which describe the
problem and parts of the computer.
In contrast, the digital system does not deal with a physical system
per se, but instead it deals only with numbers representing the characteristics of the problem of interest. The principal characteristic of
a digital computing system is that it counts or manipulates numerical
expressions which represent physical behavior but which are dissociated
from a physical system.
The problem of deciding whether a given system is digital or analog
is sometimes difficult. There are fundamental characteristics of each
type, however, and these indicate how a given system should be
classified. The analog system is one that involves the process of
measurement on a physical system. It deals with variables that are
continuous, and the results that may be obtained from an analog
system are limited in precision since measurements are made with a
physical device. On the other hand, the digital computing device is
concerned with the counting or manipulation of numerical expressions.
In general it deals with information that is in discrete form; and it
yields results that may be of unlimited precision since, in general,
numerical processes may be carried to as precise a degree as desired.
Questions that might be asked to indicate whether a given system is
digital or analog are:
Can precision be traded for time?
Must a better measuring device be used to get a better result?
Is this device counting something or is it measuring something?
Does this device deal with a physical· system or does it deal with
numbers that are independent of a physical system?
The classical example of an analog computing device is the slide
rule, which measures physical lengths, which in turn logarithmically
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represent numbers. The classical example of the digital computer is
the common desk calculator, which by an arrangement of linkages and
wheels performs arithmetic operations. Many systems are mixed in
nature. For example, a watch might be thought of as an analog balance
wheel, plus an analog-to-digital converter in the escapement mechanism, plus a digital system which counts the number of oscillations of
the balance wheel.
7.3

THE TYPICAL DIGITAL COMPUTER (5, 7, 8, 33, 42, 43)

A digital computer, data-handling system, or information-processing
system, may be defined as follows: It is a system or device that produces output information derived from accepted input information by

Arithmetic

Input - output

_ _ _ Word channels
_ _ _ Control channels
_
___ Activity reports

Fig. 7.1 Block diagram of a basic digital computing machine

some process of logic. The process of logic must be demonstrably free
from self-contradiction. 1 The crux of this definition is the "some
process of logic." If there is included in the "process of logic" only
the operations of arithmetic, then the digital computer is merely a
device for carrying out numerical computations. If, on the other hand,
there is also included in the "process of logic" the operations of formal
mathematical logic, then the digital' computer becomes adapted to general information-handling problems and its power on the mathematical
problem becomes considerably enhanced.
A block diagram of a typical computing machine system is shown
in Fig. 7.1. The function of the arithmetic section is to perform all
of the arithmetic operations of which the system is capable. These
may include addition" subtraction, multiplication, division, sometimes
square rooting, and any other special features demanded by the particular class of problem for which the machine is intended. The
1 Definition from the Standards on Electronic Computers, Proc. IRE, March
1951.
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arithmetic section may.also include certain logical operations which
are required in the manipulation of information.
The input-output section is the transducer through which the machine system coinmunicates with the external world. In general, it
processes some physical medium such as paper tape, magnetic tape,
punched cards, etc., which have been prepared .by the user and which
on input state the problem to the machine in a language intelligible to
the machine. In the other direction it must provide, in a form that
is intelligible to the'--external world, information which has been prepared by the machine system. The input-output section is the means
for entering information into the' machine and for withdrawing information from it. In the automation 'application the input and output may communicate with other machinery or with instruments,
rather than with people.
Storage is the section in which initial data, intermediate results,
final results, and the statement of the problem are stored. The statement of the problem to the machine system appears as a list of instructions which direct the system to perform the appropriate manipulations of the data it has been given. The storage acts as an erasable
and reusable scratch pad. It provides both data and instructions at
the rapid rate required by the balance of the machine, and it accepts
results that have been computed by the arithmetic section.
Control is the section that interprets the iristructions which have
been given to the machine, and which then causes all other parts to
do the appropriate function at the appropriate time, so as to achieve
the desired operation. It is the mastermind· of the system.
An analogy may be drawn with the equipment assembled to perform
a longhand calculation-desk calculator, operator, scratch pad, and
pencil. The keyboard of the, desk machine is the input, its dials, the
output; the arithmetic ability of the desk calculator is akin to the
arithmetic section. The scratch pad is the storage and the operator
is the control section.
7.3.1

Terminology (2, 3)

The unit in which information is handled in a digital system is the
word. This term has been chosen because a word may be either
a piece of data, or it may be an instruction which indicates to the
machine system what function is to be performed. A word may
even be an abstract collection of digits without physical or machine
meaning in the whole, but having meaning only in selected parts. The
plan for solution of a problem on a digital machine is known as a
program. The collection of instructions in an assortment and se-
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quence that describes this program to the machine is known as the
routine. Both the program and the routine are the result of an
analysis of the problem to be solved by a mathematician. Finally,
the statement of the routine in machine language is known as the
code.
The format of an instruction is indicated in Fig. 7.2. An instruction
consists of an operation part plus one or more addresses. The
operation part indicates what function the machine is to perform as
a result of the instruction, and the address part indicates the location in storage where the information to be operated on is located.
If there is but one address per instruction, this type of organization
is known as a single address machine. The system may be organized

I
I

I~(--------Instruction--------+l)

I

Operation part
"What"

Address
"Where"

Fig. 7.2 Instruction format

as two address, three address, etc., in which case the additional addresses specify additional locations of data, instructions, and control
information. If the number of digits, or characters, in a word is
constant, then the system is said to be a fixed word length system;
if the word length is variable, the system is said to be a variable
word length system. The operation part and the address part of an
instruction must be expressed in some language that is intelligible to
the machine. This is generally in some numeric code, and since data
are represented to the system in this same numeric code, instructions
and data look alike to the machine. One function of the control section is to keep track of which parts of the storage contain data and
wh~ch parts contain the instructions.
7.4

SAMPLE PROGRAM (4, 5, 6, 8)

The address that appears in each instruction may be thought of as
a tag indicating a location at which the desired information is held.
The storage may be regarded as an array of pigeonholes, where each
of the pigeonholes is identified and located by one of these tags, i.e.,
its address. The address bears no relation to the data contained in
that location but only identifies the location. The address in an instruction is analogous to a street address locating only a particular
house but indicating nothing about the inhabitants of that house.
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Typical instructions that might appear in a machine are: add, multiply, stop, get a word from the input, give a word to the output, transfer a word from the storage t? the arithmetic section, transfer a word
from the arithmetic section to the storage, stop, etc.
As a simple example of a routine, consider the problem of computingthe algebraic function N 1 N 2 /(N 1 - N 2) for particular values of
Nl and N 2. Assume that Nl is stored in location 100, that N2 is stored
in location 101, and that the desired value of this function is to be
stored in location 102 after it is computed. Reserve locations 103 and
104 for storage of intermediate results. The following list of operations
would then accomplish the solution to this problem for a singlE~-address
machine:
200
201
202
203
204
205
206
207
208
209
210
211
212

Get the number in 100
Multiply it by the number in 101
Put the answer in 103
Get the number in 100
Subtract from it the number in 101
Put the answer in 104
Get the number in 103
Divide it by the number in 104
Put the answer in 102
Print 100
Print 101
Print 102
Stop

} Forms NIN2
and
stores it in 103
} Forms (N I - N 2)
and
stores it in 104
} Forms N IN21 (N I - N 2)
and
stores it in 102
} Prints out
NIl N2 and
N 1N2I(N 1

-

N2)

Particular care must be taken to distinguish between the address
of an instruction and the address in an instruction. The routine or list
of instructions is held in the storage, and, therefore, each instruction
occupies a storage location that has an address. These are the addresses 200 through 212 in the example above. These addresses of the
instructions have no connection with the execution of the instruction
in a particular location but only serve to indicate to the control where
instructions may be found; In the given example the control sectionwill have been told to seek the first instruction at location 200,
and it will thereafter proceed sequentially down the list. On the other
hand, as each instruction is obtained, it contains within itself an address that specifies (in the example) the location of data or the location for results.
7.5

CONTRAST BETWEEN THE ANALOG AND DIGITAL SYSTEM (36)

To adapt the analog system to a new problem requires that its
equipment be reconnected in a different fashion. In a digital system,
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however, the equipment is always connected in the same fashion and
is always able to execute the same basic set of instructions. A new
problem for the digital system means merely a new sequence' of instructions-that is, a new routine. In each case this routine is available to the machine system from its position in the storage.
The analog system does some arithmetic operations (add and multiply) and also, many mathematical operations (differentiation, integration, other mathematical operators). It performs these operations on
real physical variables. In contrast, the digital system does only arithmetic operations and the operations of formal logic ; it does these on numerical representations of information. The process of performing the
mathematical operations consists of replacing the infinitesimal calculus
by the calculus of finite differences. This process, plus mathematical
methods for solving systems of equations, handling matrices, general
manipulation of data, etc., constitutes the subject matter known as
"numerical analysis."
7.6' MACHINE DECISIONS

Machines have generally been given the ability to make decisions
for themselves. This u~ually consists of detecting whether a number
is of positive or negative sign, or, of detecting whether a number is
zero or not. However,from a sufficiently repeated use of some sequence
of such simple yes-no decisions, rather involved criteria may be established on the basis of which the machine may judge events; Since
an instruction and a piece of data look ~tlike in that each of them appear in the same numeric code, it is possible for a machine system
to perform arithmetic on its own instructions and, thereby alter them.
Further, this alteration of instructions may be performed on the basis
of decisions that it has itself made. The machine can, so to speak,
determine its own future course of progress. Note that this is not
"thinking," since all of the alternatives available to the machine are
contained in the original program and, hence, had to be thought
through a priori by the person who wrote this program. It may be said
that a machine thinks, or learns, only to the extent that every alternative contained in such thinking or learning is at the outset already in
the program (34, 35).
Such decision instructions are typically implemented as follows:
(1) If the test for the decision is satisfied, e.g., the number is positive, do not obtain the next instruction from the following. storage
location (i.e., the storage location next after the one containing the test
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instruction itself), but rather go to the address contained within the
test instruction and there obtain the next instruction to be executed.
(2) If the test for the decision is not satisfied, e.g., the number is
not positive, proceed directly to the next storage location in sequence
for-the next instruction to be executed.
7.6.1

Instruction Classes

Typical instruction classes are:
,
(1) Arithmetic, which contains add, subtract, multiply, divide, occasionally square root, shift right, shift left, store a word, load a register, etc.
(2) Input-output, which contains the instructions necessary to govern both mechanically and electrically the behavior of all input-output
equipment.
(3) Logical, which performs the formal logical manipulations of
and or or on words or parts of words; or wl).ich combines parts of
words to form new words (extraction).
(4) Control, which causes the control section to jump from one part
of the routine to another, either under any circumstance (unconditionally) or in response to some decision (or. ,test) made by the system (conditionally); also contains the stop. .
For the automation application, the instruction list will contain
these usual opes, except that there may be n:i~ny instructions which
are particularly intended for receiving information from, or transmitting information to, a large variety of other kinds of equipment (a set
of specialized input-output instructions). In addition, there may be
specialized instructions for convenient manual,control and intervention into machine activity by an operator.
7.6.2

Distinguishing Features of the Digital ~ystem

The number of kinds of instructions may be large, and they may
be used in any. quantity of each kind; hence, the routine is essentially
infinitely flexible. This is why digital systems are adaptable to such
an enormously wide class of problems. This feature should be contrasted to the analog system which has certain kinds of equipment
whose interconnections are changed to suit the problem. The digital
system remains unchanged physically, as the .. problem changes. It
adapts to the problem by performing a different sequence of the instructions built into it at the time of construction. Typical machine
systems have from twenty to upward of a hundred distinct instructions, and large routines may contain tens of thousands of instructions.
In addition to its flexibility, the digital machine also exhibits two
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other distinguishing characteristics. First, it proceeds at enormously
great speeds of operation. In the smaller, slower machines, individual
operations may occur at a 1 to 15 millisecond pace, whereas in the
largest and fastest scientific machines, individual operations may proceed as rapidly as a 10 to 20 microsecond pace. After making some
allowance for internal operations that do not produce useful results,
it follows that a digital computing system may accomplish work at
a rate as great as 10,000 to 50,000 operations per second. Secondly,
the digital machine system exhibits a relatively large freedom from
error. Because of the high operating speeds and with the currently
attainable intervals of error-free performance, it can be shown that
the digital system in general makes an error only once in perhaps 108
or 109 operations. This is to be contrasted with the corresponding
statement for manual operations in which a mistake occurs every few
hundred operations.
7.6.3

Subroutines

It is possible for a routine that performs a fairly well-defined and
often repeated operation to be so arranged that it is available to the
machine from storage on demand, under the control of some other
master routine. Such a routine is called a subroutine. Commonly,
a routine will contain many subroutines that are prepared only once
and are reused thereafter. Examples of subroutines might be ones for
computing the sine, the cosine, or the exponential from the respective
series expansions. Alternately, a subroutine might be arranged to
perform linear interpolation, to fit an approximation to a function that
is possibly empirical, or to fit a curve to a prescribed set of points.
Subroutines that perform operations of the latter kind are especially
important in the automation application.
In some applications the digital system may be so fast that it is not
busy full time with a single control problem but may actually timeshare its availability with other control problems. In this case the
input and output are not continuous data but are handled on a sampled basis. The judicious use of subroutines makes such a timesharing arrangement readily possible. In the analog control system,
on the other hand, the computer must usually remain on the job full
time.
7.7

CLASSIFICATION FEATURES

A digital system may be characterized according to the following
features:
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General purpose or special purpose.
Serial or parallel.
Type of arithmetic j e.g., binary or decimal.
Type and quantity of storage.
Word length.
Number of addresses per instruction.
Type and quantity of input-output equipment.
Number of levels in the storage hierarchy (see Section 7.13).
Operating speeds.
7.8

SIZE AND RELIABILITY (44)

A digital data-handling system may contain exceedingly large
amounts of equipment. The largest systems intended for scientific or
engineering work may contain in excess of 5000 vacuum tubes, with
correspondingly large quantities of other components. The smaller
machines intended for slower solutions of scientific or engineering
problems, or for the control applications, may contain fifty to several
hundred vacuum tubes with corresponding amounts of other components. Hence, in order to achieve reasonable behavior of this amount
of equipment, it is necessary to maintain an extremely conservative
attitude toward the equipment design. Furthermore, a digital system
is so complex in nature, and possesses so many different possible configurations of action, that it is not possible to. check every situation
which might arise; this is another reason for a conservative design
philosophy.
It is absolutely necessary to determine a set of ground rules for the
design procedure that treats all components as conservatively as possible and forces large safety factors into all design criteria. In general,
components are heavily derated in addition to being carefully tested
and screened before use. As a result of such an approach, for large
scientific systems, performances of tens of hours between errors on
the average have been achieved j and for the smaller systems, there
have been performances of up to hundreds of hours between errors.
In the a,utomation or control application in 'which a breakdown
might be serious, it may be desirable to provide duplicate equipment.
It is possible to minimize unexpected breakdowns by a program of
systematic preventive maintenance when the equipment is not in
use. This generally consists in varying supply voltages, frequencies,
and other parts of the operational environment in an effort to cause the
incipient failure to occur. It is possible to formulate detection and
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trouble location problems that indicate by the nature of. the error in
their solution what part or parts of the machine system are at fault.
There may be three distinct sources of errors. The operator who
is manipulating the machine or the person who wrote the program
may have committed an error. The machine in its internal operation
may be malfunctioning; but, just as important, the mathematical procedure may be failing. Since the continuous operations of analysis
must be replaced by the. finite difference operations, it is possible for
the mathematical procedures that have been adopted for a particular
problem to fail to converge or to fail to behave properly in some other
way. Hence, Man, Machine, and Mathematics-these are the three
broad classes of trouble.
It is possible in the design of a digital system to protect any parts
of the system that ar~ troublesome by nature. This .may be done by
incorporating error-detecting features into the nume~ic code used to
represent information'or, possibly, by even incorporating error-correcting features (11) .. This procedure amounts to adding redundancy
to the numeric code' in' which the information is represented. The
penalty for such protection is the extra equipment, or the extra time
required for operation.
In this connection it is'interesting to note that the analog computing
system is full of feedback paths which tend not only to keep individual
components in line but also to keep the whole system. behaving properly. The digital system has no such logical feedbacks to help its
cause. One small error in a digital system can spell disaster. It can
mean that an instruction has become changed to a different instruction; or it can mean that the machine has gotten a piece of data and
thinks it is an instruction, or the converse. This distinction between
the two types of computing equipment has strong bearing on what is
meant by "reliability." The digital system must be absolutely reliable
and this must be by means of a conservative design approach. The
analog machine, on the other hand, need only be reliable on the average and can depend, at .least in part, on feedback paths to help overcome component difficulties.
It is the nature of a· digital system to be made up of a very few
basic building blocks which are repeated over and over again but are
interconnected in different ways. The design of a digital computer
in this sense is markedly different from much electronic equipment in
which there is little repetition of "individual circuit configurations.
Hence, it is common to find that a. relatively long period may be ex:..
pended on the design and perfection of just one of the fundamental
circuits that are requ~red.
I
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NUMBER SYSTEMS (7, 8)

Traditionally, the decimal number system has been used in recent
times for arithmetic procedures. The decimal system makes use of
digits 0 through 9 and hence contains ten permissible symbols. There
is no fundamental requirement that there be any such restriction on
the number of permitted symbols; and in particular, number systems
that use only the digits 0 and· 1 (binary), digits 0 through 7 (octal),
and digits 0 through 9 plus six additional symbols (hexadecimal or
sexadecimal) are popular and in common use in the organization of
a digital computing system. It is obvious that a pile of objects could
be counted in any of these number systems; this implies that a number
whose numerical representation is given in a specified number system
must have an equivalent numerical expression in any other number
system. In other words, numbers expressed in the decimal system
can be converted to an equivalent representation in octal, in binary, in
hexadecimal, or in a system of arbitrary choice. Conversely, numbers
Decimal

0
1
2
3

Binary

0
1
10

Octal

0
1
2
3

12
13
14
15
16
17

'11
100
101
110
111
1000
1001
1010
1011
1100
1101
1110
1111
10000
10001

11
12
13
14
15
16
17
20
21

29
30
31
32

11101
11110
11111
100000

35
36
37
40

4

5
6
7
8
9

10
11

4

5
6
7
10

Hexadecimal

0
1
2
3
4
5
6
7
8
9
A
B
C
D
E
F

10
11

1D

IE
IF
20

Fig.7.3 Comparative table of various number systems
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expressed in any of these systems can be converted back to a decimal
representation or to a representation in still another system. Such
conversions go on all the time in digital systems.
Figure 7.3 tabulates the first few entries of the binary, octal, decimal,
and hexadecimal systems. It is apparent from this table that the expression "1 0" (not to be pronounced "ten") appears in each number system as the entry that represents the number of permitted symbols in
that system. In any system the number of permitted symbols is called
the base or radix of that system.
Examples of binary arithmetic with their equivalent decimal operations follow.
9.
+ 5.

1001.
+0101.

9
X 5

14

1110

45

1001.
XOlOl.
1001
0000
1001
0000
101101

-

13.
7.

1101.
-0111.

6

0110

Pi
+Y16

0.0100
0.0011

~6

0.0111

-These can be readily checked by noting the meaning of a numerical
expression:
827.39 = 8X10 2 + 2X10 1 + 7X10o + 3X10-1 + 9X10-2
Hence a binary expression 1101 actually implies
1101 = 1X23 + 1X22 + OX2 1 + 1X2°
=8+4+0+1
=

13

Similarly, binary fractions are
0.01111 = OX2-1 + 1 X2-2 + 1 X2-3 + 1 X2-4

t

= a+
+ t + l6 = 176
. From consideration of equivalences like this, rules for converting
from one number system to another can be readily derived.
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The importance of the binary number system lies in the fundamental nature of the electronic techniques now available. For the most
part, the circuits and the physical phenomena suitable for use in a
digital system are bistable in character; hence, it is natural to organize
such devices into an arrangement for performing binary manipulations. If it then becomes necessary to organize a machine system
which must deal with data expressed either in decimal notation or in
mixed decimal and alphabetic notation, it is necessary to resort to a
trick (40). Decimal information may be represented by associating
4 binary digits (bits) together as a character. There are 16 possible
combinations of this tetrad; of these some 10 may be selected to represent the decimal digits and the balance discarded. Such an organization is known as a binary-coded decimal machine. If binary digits
are associated in 6-bit groups, then of these 64 combinations 10 may
be assigned to represent the decimal digits, 26 may be assigned to represent the alphabet, and as many others may be assigned to represent
punctuation and special characters as are required; the balance is discarded. A machine organized to deal in such 6-bit groups is commonly
known as an alphanumeric or alphameric machine.
7.10

LOGICAL ALGEBRA (8, 9, 10, 12, 13)

In the design of certain parts of a digital system, it is convenient to
make use of a special form of algebra known as Boolean or logical
algebra. In it the variables are not permitted to have a continuum
of values but are permitted only the discrete values of 0 and 1. A
value 'of 1 is usually associated with a statement's being true and 0,
with its being false. It is then possible, with this convention, to describe completely each and every operation occurring within the digital
system in the form of algebraic expressions, which may then be
manipulated according to a set of theorems.
Because of the restriction placed upon the permitted value of any
variable, the theorems that appear in this algebra are, in some cases,
unlike those of more familiar algebras. For instance, since a given
variable may at most be 1, it follows that X + X = X. Further, since
a variable may at most be 1 or true, it is nonsense for this variable to
be (true)2; hence, X2 = X'X = X.
In formal logic it is convenient to have the connectives or, and, and
not (negation), as in the following examples:
(1) It will hail if rain clouds are present and if there are strong
updrafts of wind.
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(2) The ground will get wet if it rains or if it snows.
(3) The ground will not get wet if it is sunny or if it is not: cloudy.
It can be shown that two operations exist in logical algebra which
represent the connectives and and or, and that these operations in many
ways behave the same as the addition and multiplication operations of
conventional arithmetic. It must be remembered that this algebra
contains unusual theorems, so that there is not complete equivalence
,between the operation of logical algebra which is often designated by
the plus sign, and the addition process of ordinary arithmetic. Similarly, there is not complete equivalence between the operation of
logical algebra often denoted by the multiplication sign and the
multiplication process of ordinary arithmetic. The following examples
indicate how a plus sign in logical algebra is the equivalent of the or
cop.nective, and how the multiplication sign in logical algebra is
equivalent to the and connective.

P=A+B

P is 1 (true) if A or B is 1 (true)

P is 1 (true)}f A and B are both 1 (true)
P =A·B
Logical algebra may also be stated in'terms of the language of set
theory. In this event, the or operation becomes the union and the
and operation, the intersection. The importance of this technique
is that it is possible to completely describe the behavior of a machine
system in a fashion which may be conveniently manipulated according
to well-defined rules; it is therefore possible to present equivalent designs with a minimum of effort.
7.11

BASIC BUILDING BLOCKS (5, 7, 8)

As previously indicated, the design of a digital computing system
is essentially the problem of designing a few basic building blocks
which are then used repeatedly. It can be shown that if circuits
which perform the three operations of formal logic-and, or and negate
-are available and if there is some means for storage of information,
then no other fundamental building blocks are required. There are
a variety of circuits that will perform the function of storage and
also a large number of choices for the function of decision making,
i.e., "gate circuits." In a particular case the choice of a circuit for
a given job is made on the basis of many involved engineering considerations and perhaps, in addition, on, the basis of the field of application and the environmental conditions to which the equipment
may be subj ected.
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The Flip-flop (24, 25, 26)

A circuit that is applicable as a unit storage device and that can
remember a simple yes-no decision, i.e., one bit of information, is
any two-stable-state device. Such a circuit is commonly called a
flip-flop. It appears in many forms ; Fig. 7.4 indicates three such
forms: the Eccles-Jordan or symmetrical flip-flop, the cathode-biased
flip-flop, and the Schmidt or asymmetrical flip-flop. In each case the
two stable states correspond to either left-tube conducting and righttube nonconducting, or vice versa. One stable state may be assigned
to represent binary 0 and the other, binary 1. This figure also indicates a number of ways of changing the state, or of flipping the flipflop. In the examples illustrated in this figure, it will be noted that
a signal applied to a given input places the flip-flop unambiguously
in a specified state; i.e., a particular tube is always conducting after
the signal is complete. In general, a flip-flop circ,uit has two symmetrically placed inputs which are in one-to-one correspondence with
the two stable states; alternatively, there is one input on which two
different kinds of signal appear (the asymmetrical flip-flop), these
two kinds of signals being in one-to-one correspondence with the two
stable states.
Another type of operation of the flip-flop circuit is known as complementing. In this case there is one input terminal and the flip-flop
is expected to change state for each signal at this terminal (Fig. 7.4d).
One such input terminal of the symmetrical flip-flop is the common
plate supply bus or the common cathode connection. It should be
noted that under this mode of operation, capacitors must be added
to the circuit to provide a "memory" facility. The flip-flop circuit in
this case must have some recollection of its last state in order to know
which new state to enter. The charge upon the capacitors plays this
role.
The flip-flop circuit will appear many, many times in a complete
digital system, and the design must be such that perhaps hundreds of
them will continue to operate satisfactorily, even though the resistors, the supply voltages, the tube parameters, the environmental
conditions, etc., drift in a statistical fashion. The design of a flip-flop
circuit resolves itself into two distinct phases. First, there is the requirement that the circuit have two stable states and that these stable
states continue to exist, even though the statistical perturbations noted
above occur. This may be thought of as the d-c design of a flip-flop.
Second, there is the dynamic behavior of the circuit, which relates to
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the speed with which, under the influence of the driving circuit, it
switches from state to state. Approximation methods have been derived for the d-c design of flip-flop circuits (14, 15), but the complexity of the circuit is sufficient that a good design method for prescribed dynamic characteristics has not yet been evolved.
7.11.2

~

Gates (9, 10, 22, 23)

A second principal building block is the gate or electronic switch.
The function of this circuit is to perform the and or or connectives of
formal logic. A number of examples of circuits that will behave as
gate circuits are indicated in Fig. 7.5. In the discussion of any gate
circuit it is essential to define carefully the polarity of the signal and
to indicate what this polarity signifies with respect to its meaning
in formal logic. In the example of the pentode, which is shown with
positive signals applied to the first and third grids, it is assumed
that the lower or quiescent level of the pulse represents the logical
false, and that the upper or plateau level of the pulse represents the
logical true. Hence, it follows that plate current will flow in the
pentode if, and only if, grid A is positive and grid B is simultaneously
positive. If we assume that in the plate circuit a low plate potential
defines true, then the pent'ode circuit is an ((and" gate for positive
grid signals. For negative grid signals it immediately follows that
the plate is positive if, and only if, grid A or grid B is negative. And,
hence, for negative inputs the pentode circuit is an ((or" gate. If,
however, the convention in the plate circuit is that a high potential
represents true, then the pentode circuit with positive inputs is the and
not function, or with negative input signals, the or not function.
This example illustrates a duality that exists throughout gating
circuits. A circuit that is and for a given polarity of input is automatically an or circuit for the opposite polarity of signal, and vice
versa. As indicated by the figure, relays, triodes, and diodes may also
be used to 'implement the logical connectives of and and or. When
triodes share a common cathode resistor, it is obvious that the cathode
will rise if either grid A or grid B rises and, hence, this circuit is an
or circuit for positive signals. When diodes share a common cathode
resistor, it is evident that the cathode potential will fall if, and only
if, plate A and simultaneously plate B are relatively at a low potential;
hence, this circuit is an and circuit for negative signals.
It should be noted that all of the or circuits indicated here are the
"inclusive or" function; i.e., the output is true if input A or input B o.r
both are true. The exclusive or-the output is true if input A or
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input B is true but not if both are true-is considerably harder to
implement. It may be expressed in Boolean fashion as: '
(A

+ B)(AB)'

or the equivalent form:
AB'

+ A'B

in which the primed characters represent the complement or negation
of the variable. In either form it is evident that the expression is
1 (true) if A or B equals 1 (true) but the other equals 0 (false), but
the expression is 0 if both A and Bare 1 (since then A' and B' are
each 0).
The third logical connective of not is easily realized with any circuit
that is inverting, i.e., a single-stage amplifier, a transformer, etc. If
A represents a Boolean variable, then its negation is expressed as A' or
A; i.e., if A = 1, then A' = 0 and vice versa.
Here, again, the design of gates must be so conservative that many
hundreds or even thousands of these circuits, when combined into a
digital system, continue to work even though. the' electrical environment of the circuit (voltages, component, values, frequencies, rise
times, temperatures, etc.) change in an unpredictable statistical
fashion.
7.12

ARITHMETIC SECTION (5, 7, 8, 37)

The arithmetic section of a machine may operate either on the successive digits of a number, one after the other time-wise, utilizing the same
equipment for each digit; or it may operate simultaneously on all
digits of a number, using duplicate equipment to handle all digits.
In the first case, the machine is said to be a serial machine and it
performs arithmetic operations as people are accustomed to do. In
the second case, the machine is said to be a parallel machine and it
obviously achieves a higher speed of operation at the expense of additional equipment. It is generally ne,cessary for the arithmetic section
to store three numbers within itself: the two factors entering an
arithmetic operation and the result. A device that has the ability to
store one word of information is called a register, and hence an
arithmetic section generally contains three registers. A register may
be made from flip-flop circuits or from other kinds of storage devices.
It must be capable of accepting a number, of holding it for as long
as required, and of then emitting this number upon request. Frequently a register may also need to be able to shift its contents, either
left or right, one place at a time. Such shifting is equivalent to moving
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the point and can therefore be used to change the relative values of
the number in the register, i.e., to scale the number. Such shifting
features are also used in the general manipulation of data.
In addition to the three registers of the arithmetic section, there
will also be contained an adder which can form the sum of two
numbers presented to it. The adder may be either serial or parallel
and, as before, the operating rate may be increased at the expense of
additional equipment. As an example of the design technique making
use of the logical algebra approach, consider the binary adder which
must obey the following addition table. Note that a stage of an adder
has really three inputs: one digit from each of the two numbers that
are to be added, and a possible carry from the previous place.
Digit A

Digit B

Carry-in C

Sum-out

o

o

o

o

o

1
1

o

1

o

o

o
1
o
1

1

o

1
1
1

1

1

1

1
1

o

o

o
1

o
1

Carry-out

o
o
o
1

o

o

1
1

1

It can easily be verified that the following propositions (logical
statements) completely define the behavior of this binary adder.

+ A'BC' + A'B'C + ABC
AB'C + A'BC + ABC' + ABC =

Sum-out = AB'C'
Carry-out

=

AB

+ BC + AC

Here the primed letters are negations of the unprimed variable; that
is, if A has value 1, then A' has value 0, and vice versa. For example,
the sum-out is to be 1 if AB'C' is 1 or A'BC' is 1 or A'B'C is 1 or ABC
is 1. AB'C' is 1 if A = B' = C' = 1 which in turn implies A, = 1 but
B = C = 0; this is the third entry in the addition table above. From
this logical description of the adder it is a straightforward transition,
by way of any of the previously described gate structures, to physical
hardware which has adding ability.
Figure 7.6 illustrates a typical block diagram of an arithmetic section. The combination of register I and the adder is generally called
the accumulator. Hence, one number that is presented to the
adder is from register 1. The second number that is to be presented
to the adder for addition to the first comes from storage via register III
and via the complementer. The function of the complementer is
to represent numbers in what is known as "complement form," and
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thereby to effect the process of subtraction although actually performing an addition. Hence, this relieves the complexity of the design
problem with respect to the adder, which otherwise might have to have
both adding and subtracting features. After the new sum is formed,
it replaces the previous information in register 1.
The end-to-end connections between register I and register II indicate that it is possible to shift information from one register into
To storage

~------,

Accumulator

Words from storage

--....I

Fig. 7.6 Block diagram of a typical arithmetic section

the other, one character or digit at a time. Such shifting properties are
sometimes convenient in the logical manipulation of data. Paths are
shown from storage into registers II and III, and return paths to
storage are shown from register II and the accumulator.
7.13

THE STORAGE (5, 7, 8, 28, 38)

The storage must retain data and instructions for as long as required
and must be able to locate any information within itself in response
to a request accompanied by an address. Many physical phenomena
may be used as a basis for a storage device. One of these is magnetism,
in which the two states of magnetic flux represent the two values
of a binary digit. Magnetic devices appear as drums, tapes, and
the recently introduced magnetic core.
In each of these magnetic devices the two states of the binary varia-

200

AUTOMATION IN BUSINESS AND INDUSTRY

ble (0 and 1) are made to correspond to either two physical orientations
of elementary magnets (the drum or tape) or to the two states of remanent flux in a closed magnetic circuit (the core). Figure 7.7 indicates
the salient features of the magnetic-core storage technique (27,30). The
annuli which are used to store one bit each are typically 0.1 inch out-

H--+--t--t--+-Current

- - - - - - X ------------~

Fig. 7.7 Basic principles of a coincident current magnetic-core store

side diameter by 0.06 hich inside diameter by ¥t6 inch thick. A usual
construction is in the form of a rectangular grid, at each intersection
of which a magnetic core is threaded by three or more wires. The material from which such cores are made exhibits an essentially square
hysteresis looPi therefore, it can be seen from Fig. 7.7 that a current
of value I will not cause the core to transit from one state of saturation
to the other, but that a current of 21 will. Hence, by selecting a particular wire in the X coordh~a.te and a particular wire in the Y co.,.
ordinate, the core lying at the intersection can be subjected to a driving
current of 21, but all other cores will be subjected to a driving current
of only I. Thus one core from the entire array is selected for reading.
I

'

201

DIGITAL COMPUTERS

If the core is driven by the interrogating current toward the upper

saturation level, then there will be or will not be a large flux change
within the core, depending on whether it was previously at the lower
saturation point or at the upper saturation point. Hence, an inspection
for the presence or absence of a voltage in the read wire which threads
all cores will indicate the nature of the information previously stored.

Read-write
stations

1

1 in. - 5 ft

1

~Magnetic

~

surface

~Drum

[i]

1~

[i]
e fSl
E
c:

~
III

o
o

o

::J

C
Fig. 7.8 Basic principles of a magnetic-drum store

Figure 7.8 indicates the principal features of the magnetic drum
(39); and Fig. 7.9, of the magnetic tape. In each case, there is a
magnetic surface on which elementary magnets can be produced. by
suitably constructed read-write stations. These are usually trans-,
formers with a small amount of leakage flux in an air gap which can
then influence the magnetic surface beneath. By a suitable control
of the current in the writing head, a succession of elementary magnets
may be laid down on the magnetic surface. In Figs. 7.8 and 7.9, the
convention has been taken that a magnet presenting its south pole
first to the reading station represents a binary 1, whereas a magnet
presenting its north pole first represents a binary o. The leakage
flux of the elementary magnets threading the air gap and magnetic
structure of the read heads induces a voltage in the coils of the read
head; hence the magnetic disposition of the surface can be obtained
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and so the stored information recovered. Typical geometrical configurations and dimensions are indicated in the respective figures.
Electric charge, either through presence versus absence, or as distribution (31), may also be used as a basis for a storage device. In
the Williams-type store (32), a conventional cathode-ray tube is used,
Tape travel---~1c=J

~1c=J
[CEJo~

[CEJo c=J
[CEJoc=J
~1c=J

Fig. 7.9 Basic principles of a magnetic-tape store

,whereas in the selectron (29) or in the MIT storage tube, a special form
of cathode-ray tube is used. Any physical device capable of producing
a delay (in the same sense as in an electrical delay line) may also be
used as a store. In this case the information is retained by causing
it to propagate through the delay medium; and as it emerges from
one end, it is retimed and amplified and reinserted at the other end.
Hence, storage is accomplished by causing the information to circulate
continuously. Electrical delay lines, acoustic delay lines of quartz or
of mercury, magnetostrictive lines of nickel, or suitably used magnetic
drums have served as the delay element.
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In the interest of economics and conservation of equipment, the
principal storage is frequently organized in a hierarchy. Because of
the high cost of the fastest type storage.jmagnetic core or electrostatic
for a parallel machine), not all the required storage facilities are provided of this type. Rather, the main storage is backed up by a larger,
slower, and therefore less expensive storage (typically a drum) which
in turn is backed up by a yet larger, yet slower, and yet more inexpensive storage (typically a large number of tapes), etc., as required.
Storage media
Necessary
actuating
Signals

Read or write
from control

......._---...,

Address from
the control
Words to arithmetic
and control

Fig. 7.10 Block diagram of a typical store

In addition to instructions for transferring data from storage to and
from the arithmetic, input-output, and control sections, there may
also exist special instructions for transferring data among the several
levels of the storage hierarchy.
A block diagram of a typical storage system is illustrated in Fig. 7.10.
Generally the output of the storage media is of sufficiently low signal
level that read amplifiers are necessary. Very commonly the act
of reading the information from the storage media also destroys this
information ("destructive reading") ; hence, in order to provide a "nondestructive read" facility, the information from the read amplifiers is
inserted into the storage register; and subsequently, via the write amplifiers, is reinserted into the same location in the store. Alternatively,
information from the arithmetic or input-output section may be
routed via the write amplifiers into specified locations of the storage
media.
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In addition to being presented with information specifying the
word, the store must also receive information from the control specifying the address at which this data is to be stored. Note that the
address is not stored in the storage. The address merely serves to
select one of the locations within the storage media; and at that location, the information from the write amplifiers is actually stored. In
addition, the store will need to know-again from the control-whether
the cycle it is performing is to be a read or write function; the store
will also require a necessary sequence of actuating signals.
7.14

I

THE CONTROL SECTION (5, 7, 8)

The control section must withdraw instructions one by one from
the storage, decide what each instruction means (decode it), and then
cause the balance of the machine system to perform the appropriate
operations in the proper sequence to achieve the result indicated by
that instruction. The control is chiefly a collection of flip-flop circuits
to remember that certain steps of a process have been passed, of gates
to make the necessary decisions, and of pulse signals to effect the
operation desired in the balance of the machine. The control, since it
paces the rest of the machine, effectively supplies the actuating signals
to the balance of the machine. In general, there are two ways of accomplishing this. The control may contain an oscillator (a clock),
in which case the machine is said to be synchronous (or clocked)
and no event happens within the machine except at clock intervals.
Alternatively, the control may be organized such that the entire system
is allowed to operate at a rate that is determined solely by its internal
time constants, in which case events occur at a rate determined only
by the physical configuration, the design, and the stray capacitances
of the circuit. In this case the machine is called asynchronous or
self-timed. In the asynchronous machine it is possible for the rate
of operation to change radically without any ill effects; the clocked
machine requires that all events occur on a regular schedule if proper
operation is to be achieved.
Figure 7.11 illustrates a block diagram of a typical control. In
this figure the solid lines indicate the flow of actual information,
whereas the dotted lines indicate only control channels. The instruction word removed from storage is ~ept in an instruction register
for the duration of the execution of that instruction. A decoder inspects the operation part of the instruction and decides what parts of
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the machine must be operated, and in what sequence. The output of
the decoder, when combined with a clock or other signal generators, constitutes the signals that are routed to all other parts of the machine
at appropriate times and in appropriate sequence.
The address part of the instruction may be directed to the storage
when the instruction requires a piece of information from the storage;
Words from storage

1

Instruction register
Address

To
address circuits
of store

I

1----I
I

IL ____ _

Clock or other signal
generators

Signals to all parts
of the machine

- - - Control channels

Fig. 7.11 Block diagram of a typical control section

or it may be directed to the instruction counter, if the particular instruction being executed requires that the next instruction be brought
not from the immediately following storage location but from an entirely different part of the storage (a branch or jump instruction).
The instruction counter is normally advanced by one step at the
close of execution of each instruction and, hence, in the normal course
of events, instructions are withdrawn from the storage sequentially;
only when there is a conditional or unconditional jump to another
part of the routine is the action of the instruction counter interrupted
and the contents replaced by a new value. When the instruction is a
shift instruction, in which the address indicates not a location in storage
but the number of places by which a given register is to be shifted,
the address part of the instruction must be routed to the multiply-
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divide and shift counter. This counter also must receive control information from the decoder in the event that a multiplication or
division instruction is indicated.
7.15

THE INPUT-OUTPUT SECTION (5, 7, 8, 20)

In the automation application, the input-output section assumes
great importance because of the necessity for communicating between
the computer proper and possibly large numbers of many kinds of
other equipment and instruments. In the scientific, engineering, or
business application of a computer, the machine system commonly
communicates only with man, whereas in the control or automation
application, the machine system may more commonly communicate
with other machines or instruments. The input-output may be thought
of as a transducer between the machine and the external world.
Alternatively, it may be thought of as a dictionary that accommodates
machine language on the one hand and world language on the other
hand. The variety of input-output possibilities is so vast that details
of each kind cannot be given. A number of the more common inputoutput devices in each of the several categories is tabulated:
(1) Devices for communicating from man to machine.
(a) Keyboards.
(b) Punched-card readers.
(c) Punched-tape readers, mechanical and photoelectric.
(2) Devices for communicating from machine t~ man.
(a) Printers.
(b) Typewriters.
(c) Card punches.
(d) Paper tape punches.
(e) Plotters.
(3) Devices for communicating from digital machine to other machines.
(a) Language translators.
(b) Analog-to-digital converters (18, 41).
(c) Digital-to-analog converters.
(d) Magnetic tape devices.
Ineach case the particular input-output device must be surrounded
with sufficient electronic gear so that it can provide two distinct kinds
of information on the two sides, world language on the one side,
machine language on the other. It may also be necessary to provide
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additional equipment on each input-output device to accommodate a
mismatch in speed of operation between that device and the faster
computing system proper.
7.16

THE DIGITAL DIFFERENTIAL ANALYZER (16)

"

An example of a special-purpose digital computing device is the
digital differential analyzer. This machine performs essentially the
same operations as the electronic analog computer, except that it accomplishes the process of mathematical integration by means of a
numerical approximation. This machine is a very highly organized
machine internally and does not have an instruction list in the same
sense as the general-purpose machine previously described. It has
the advantage over the mechanical differential analyzer in that it can
perform integration with respect to any variable, whereas the electronic
analog computer must integrate with respect to time. In addition,
the digital differential analyzer can exhibit unlimited precision where
in general the precision of the result can be traded against the speed
of solution. It has the difficulty of all digital systems, that an error
may arise from the replacement of the infinitesimal calculus by finite
difference approximations. An additional error may also arise, again
as in all digital systems, as a result of the truncation of numbers to the
length that the machine system can accommodate. Generally, the
digital differential analyzer accomplishes the process of integration
by approximating the value of the integral as the sum of the areas
of a sequence of rectangles. If required because of greater precision~
such a machine could also be constructed to perform parabolic or
higher-order numerical integration techniques.
Information within the digital differential analyzer is represented
partly in a true number system and partly as a rate of a train of
pulses. The initial value of the integrand is retained in a register
whose contents may be altered by incremental values as required by
changes in the value of the integrand. The contents of this register
is then inserted into an adder each time the independent variable or
variable of integration is considered to advance one increment. The
sum attained by this adder over the period of integration then represents the value of the desired integral. A convenient internal arrangement is provided in the digital differential analyzer to permit
communication between the various integrators which the machine
contains. Commonly, digital differential analyzers may contain as
many as eighty to a hundred integrators.
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7.17

APPLICATIONS

Because the digital data-handling system is a relatively recent technique, the number of applications for which it has been used is relatively small. What can be described as an application depends considerably on how automation itself is defined. If it is assumed that a
legitimate application is anyone which contributes to the notion
of an automatic factory, then inventory control, production scheduling, scheduling of shop loading, scheduling of machine loading, accounting, distribution of costs, payroll, sales quotas, and similar
problems generally classed as business applications are legitimate
applications of the digital system to automation. To most of these
business problems the scientific and engineering machine may be
applied, although it is sometimes inconvenient to use a machine organized for scientific work. For the application noted above, notice
a common feature: The input is all numeric or' alphanumeric in nature
and for the most part does not come from me:asurements on physical
systems. These applications are data processing or information
handling and represent for the digital system the largest field of application-other than scientific computation-to date.
Another level of application is the direct control of manufacturing
processes. At least one paper has been published describing a projected application in oil refinery control (17); here the digital machine
receives input from measuring devices in the refinery, computes the refinery performance, and returns control information to valves, heaters,
etc., in the refinery. A similar application which has been described
publicly is the machine that receives flight plans of aircraft and
predicts their progress and times of appearance at frequent check
points, searches for collision courses, and automatically alarms when
planes are overdue or fail to report.
Typical factors suggesting that digital equipment is the appropriate
choice for a particular application are these:
(1) Is an answer of great precision demanded?
(2) Is the data in numeric form, or alphanumeric form, and must
the result also be in this form?
(3) Is something more than simple control of a variable required?
Must the statistical distribution of the variable or the trend of the variable be controlled; or must the future behavior of the variable be
predicted?
(4) Must relatively involved decisions be made by the machine
system?
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(5) Is the time of solution or time of response required to be exceedingly short?
(6) Can money, equipment, or labor be saved by using one digital
machine to handle several problems of control on a time-sharing basis?
(7) Is uncanny freedom from error required?
7.18

THE FUTURE

It appears that for the future the digital machine will share with
the analog machine system the control applications which are directly at process level. However, above direct process control there
is a level of management activity which requires handling large masses
of data, performing extensive computations, and making complex
decisions. In this area of general information processing, the digital
system has a clear field. After all, any information whatsoever .can
be represented in a suitable numeric or alphanumeric code, and the
digital system can deal with such information to any extent required.
Examples of new fields of application currently being proposed or
possible in principle are these:
(1) The control of street traffic flow.
(2) Completely automatic bank systems, including sorting and
handling of checks and documents (19).
(3) New high-speed chemical processes with digital control.
(4) Digitally controlled machine tools (21).
(5) Airport controller assistance.
(6) Personnel training.
This last represents perhaps the ultimate in sophistication. Here
the digital machine contains within itself a mathematical model of
the given situation-say, an economy. The trainees, perhaps fledgling
executives, are effectively playing a game-here the game of "business"-against the machine. Each move of the opponent is weighed
by the machine in terms of its model and the effects of the move on
the model computed. Hence, the effects of a given business decision
is promptly known; and, in this example, no company funds, contracts, or position are risked while exposing the trainee to a greaterthan-a-lifetime's breadth of experience.
7.19
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Data Processing
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8.1

8.1.1

THE ECONOMIC JUSTIFICATION FOR
DATA-PROCESSING EQUIPMENT

The Economic Basis for Data Processing

Although the tenn "data processing" is relatIvely new, the process
which this term describes has been an essential part of our business
life for a long time. Data processing has always required a great
deal of manual and clerical work, but some of the steps in any dataprocessing job have been recognized as sufficiently repetitious and
routine to be dealt with by special equipment. All sorts of adding
machines and desk calculators have thus found their way into our
offices and our industrial laboratories. Although in recent years
punched-card equipment has been used in many engineering and
scientific calculations, the largest use of such machines has been in
accounting, bookkeeping, and related work.
The basic fact behind almost every use of mechanized equipment,
whether in the office or elsewhere, is that the cost of data processing is
thereby reduced. The equipment is justified upon economic grounds.
8.1.2

A Handy Yardstick

When the application being studied is already being carried out by
some method, economic justification may be obtained by comparison
212
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of the cost of proposed methods with that of the one presently
in use. Let us take as a simple first example the case in which the
present method involves no capital investment in equipment. The
only cost associated with that method is the salary of a clerical
worker. If that worker receives $3000 a year, then the substitution
of equipment to perform the same work can be justified if such equipment costs less than $3000 per year. However, this rough rule-ofthumb is bound to be conservative, since there is always an overhead
or burden cost associated with the direct salary or wage cost.
In most cases, the clerical worker is still needed for the operation
of the equipment and an alternative statement of the rule-of-thumb
is to say that a piece of equipment which doubles the production obtained from one person is worth at least $3000 per year.
When equipment is to be purchased rather than rented, the consideration of interest rates, depreciation, amortization, maintenance,
and other factors which may vary depending upon the particular kind
of equipment involved are used to assess the capital investment which
is reasonable to obtain double productivity from the clerical worker.
A device that depreciates quickly and has high maintenance costs
might be worth only $10,000. For typical equipment, a reasonable
figure is higher, perhaps $40,000. Bearing in mind the overhead on
clerical work, this is still likely to be on the conservative side.
Another factor to be considered when making such a comparison is
the fraction of the total machine time likely to be usable. Service
and maintenance may slightly reduce the total, but even on the very
largest electronic general-purpose computers no more than a few
per cent of the otherwise available time is lost in this way. It must
be recognized that sometimes a device cannot be fully loaded by a
particular application under study. We must then decide whether
to find other applications for the remaining available time, or whether
the particular application will already provide an economic justification, even though the machine may be idle for a considerable fraction
of its available time. In general, companies that can use a large
general-purpose computer will easily find additional tasks which will
occupy all of its available hours.
Smaller office equipment, more specialized in application, will often
be 'found to payoff even though idle during a large part of the day.
8~1.3

Examples for Small Machines

Let us consider a bookkeeping machine costing $2500. Assume that
it is capable of doubling the production of a clerical worker. Since
we have seen that we can certainly afford to spend more than $10,000
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for a device which will do this, it is clear that the bookkeeping machine will still be a valuable investment, even if it is used only 25
per cent of the available time.
As a second example, let us consider an adding machine which costs
$250. This is only 2.5 per cent of our very conservative $10,000 investment, but if productivity is increased by a mere 20 per cent, while
it is used, and it is used only 2 hours out of every 8, we might well
figure its value as 5 per cent of $10,000, or $500.
8.1.4

Semiautomation by Punched Cards

Punched cards have made. data processing more automatic and
have reduced costs by increasing productivity in accounting and
record keeping. The area of profitable application of punched-card
equipment overlaps that of adding machines, desk calculators, and
bookkeeping machines but includes a great deal more. Card machines are good at sorting, merging, tabulating, and various extensions
of these operations. These are not handled at all by the simple
adding, calculating, and bookkeeping machines which must receive
almost all of their data from the keyboard for each new operation
they undertake. Although key-punching machines are usually required
to record data on punched cards, such data need be recorded only
once. Thereafter, the rate of handling such data is no longer limited
by the "recording rate." Standard punched cards accommodate either
80 or 90 digits or characters of information (depending, on the card
type), and a full punched card may often represent 100 keyc strokes.
Various card machines process these cards at rates from 100· to. 1000
cards per minute.
Before the advent of electronic computers, card machines were very
slow on purely computational work, although they were, and still
are, well adapted and fast for sorting. A typical nonelectronic multi-.
plier in a punched-card system used to require several seconds to
produce the product of two six-digit numbers, whereas less than a
second is required to read the factors and punch the card. A girl,
using a desk calculator costing $1000, can turn out at least three such
products per minute. If we assume thirty products per minute from
the nonelectronic card multiplier, we find that the card machine rate
is thus ten times greater. A rough economic comparison will then indicate that such a card multiplier might be worth $2000 per month.
The rental for the older equipment was actually much less than this.
Hence, such a nonelectronic card calculator could be justified in a
system requiring enough mUltiplication to keep such a special-purpose
machine occupied for a reasonably good fraction of its time.

DATA PROCESSING

215

With electronic card calculators available today at rates of less
than $2000 per month, dozens of multiplications or other arithmetic
operations may be carried out in less time than it takes to read a card
and punch the results.
Moreover, the pre-electronic card machines could do only one or
two operations on each card pass. The same cards had to be transferred from one machine to another to accomplish different steps of
a sequential process, and all such card transfers were done by hand.
The present-day electronic card calculators not only speed uP. the
rate of processing because of their fast internal operation, but they
decrease the human labor involved in card handling and contribute to
a much higher degree of automatic operation as a result.
8.1.5

Transition to Automation through Large Computers

Before the entry of electronics into the computing and data-processing field, several types of large calculating instruments were in
use by engineers and scientists. These were, for the most part, merely
larger and more flexible versions of the small special-purpose analog
devices which had long been used by engineering designers for the
solution of special problems. Network analyzers, which employ a
model electric network to study the behavior of large electrical power
distribution systems, became popular tools for the solution of nonelectrical problems as well. A variety of linear partial differential
equations, with many kinds of boundary conditions, can be readily
solved on a network analyzer. However, nonlinear equations can
present extreme difficulty, since nonlinear elements are then required
in the network.
A quite different analog device, originally conceived by Lord Kelvin
and introduced as an engineering tool at MIT, is the mechanical differe.ntial analyzer. The chief use of the differential analyzer is in the
solution of sets of ordinary differential equations. Methods have been
described for solving certain partial differential equations on a differential analyzer, but this does not represent the routine bread-andbutter application of such equipment. Although there are still a
number of mechanical differential analyzers in use, several computing
centers at which modern electronic digital computing equipment is
now' available have stopped using the differential analyzers on which
they once depended. Electronic differential analyzers become handy
tools for engineering design of control systems. The cost of an electronic analyzer, equivalent in complexity to one of the older mechanical
analyzers, is considerably lower, and the speed at which it produces
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solutions is substantially greater. Also, the electronic type is easier
to set up, and it is much easier to vary parameters.
All analog computers have inherent limitations upon the accuracy
of the solutions that they are able to provide. Digital devices, by
contrast, can be constructed or programmed to satisfy any desired
accuracy requirement.
It is interesting to note that there is a type of digital device which
functions somewhat like the analog differential analyzer. Such machines are known as digital differential analyzers, although they are
actually "finite" difference calculators rather than true differential
devices. Their chief application is again in the solution of ordinary
differential equations. Being digital, they can work to a greater accuracy. Certain variants of the digital analyzer which can give driftfree calculations appear to be useful computers for incorporation
into complex servo control loops.
Some of the big analog computers cost as ,much as the largest of
the new electronic digital computers. An investment of this magnitude
in an analog computer is justified only if the class of problems that
this computer can solve are certain to remain at high volume for a
number of years. In the light of current advances in automatic coding
for general-purpose digital equipment, it is far from obvious that the
investment in a large analog device is wise, even supposing that enough
problems within its scope can be supplied to keep;it busy full time.
8.1.6

The First Large Automatic Digital Computer

The first large automatic digital computer was a nonelectronic machine built at Harvard by Dr. Howard Aiken and IBM. This electromechanical computer, known as Mark I, is a general-purpose device;
hence it suffers none of the limitations of scope or accuracy characteristic of analog computers. Under the control of a punched paper tape,
Mark I carries out long and complex numerical calculations witliout
human intervention. As Dr. Aiken has often pointed out, Mark I
followed closely the principles expounded by.. Charles Babbage in the
last century. Through the use of modern electromechanical com-.
ponents, Dr. Aiken was able to bring to practical and operational
reality a dream that Babbage was unable to translate into equipment
.
because the necessary technology was lacking.
Mark I became the first true example of automation in computation
since it carries through an entire calculation, however long and complex, without human attention. Because Mark I is a general-purpose
digital computer, it can handle types of problems entirely outside the
scope of any of the analog computers. Like all such digital computers,
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it can produce results of any desired accuracy. Its cost has been
estimated as $1,000,000. Dr. Aiken went on to design further computers, and an electronic Mark IV now stands facing Mark I at
Harvard. Modifications have been made in Mark I to enable convenient use of subroutines in its program. Mark I is still operating
day in and day out at the Harvard Computation Laboratory.
8.1.7

Automatic Computation by Electronics-the ENIAC

An entirely different approach toward the automation of digital
computing was taken by a group at the University of Pennsylvania
during the war years when the ENIAC, the first large-scale electronic
digital computer, was designed and built for the Aberdeen Research
Laboratory. Begun in June 1943, and completed in December 1945,
the ENIAC demonstrated the practical possibility of using the high
speed of electronic circuitry to reduce the cost of complex computations. Today, when stock models of electronic computers for business
and scientific applications are available from a number of different
manufacturers, it may seem incredible that the very first electronic
computer was put in operation only ten years ago. With numerous
more powerful computers around us today, it may still be of interest to
note that the economic justification for the ENIAC was not difficult
to show, once the workability of such equipment was demonstrated.
For example, the ENIAC is able to compute a trajectory of an
artillery shell in 30 seconds-~bout half the time required for the
shell itself to reach its target. On the differential analyzer of the
mechanical type used prior to 1945 for such a traj ectory the same
computation would take 20 minutes. The same work done by hand
with the aid of a desk calculator requires something like 20 hours.
We can, therefore, say that the ENIAC is, on this problem, equivalent
to 40 mechanical differential analyzers or to 2400 girls equipped with
desk calculators. The cost of the ENIAC is estimated at less than
half a million dollars. We see that, if hand calculation is used as
our basis of justification, ENIAC is easily valued at $10,000,000, even
if used only half of the time and left idle the other half.
However, comparison with hand calculation is not proper when some
better means is already available. The differential analyzer, which
compares with hand computation by a margin that is not exciting,
might be valued at $600,000, whereas its actual cost was perhaps half of
this. The ENIAC, on the other hand, having a productive rate equal
to forty mechanical differential analyzers, is then worth about $12,000,000 when used full time "for one shift.
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It should also be taken into account that these machines can produce two, or even three, times as much output with only a small
additional expense for operating staff on several shifts, but without
increase of the total investment.
S.1.8

The Fundamental Economics of Electronic Computation
There need be no mystery concerning the advantage that an electronic general-purpose digital computer has over a nonelectronic or
mechanical device for the automation of data processing. Signals can
be switched electronically at rates of over 1,000,000 per second, while
a switching rate of 1000 per second is fast for reliable electromechanical
relays or other nonelectronic devices. Yet when the cost of the electron tubes and circuitry is compared with the cost of the electromechanical relays which might perform a similar function, there is
not a great deal of difference. It is true that a single relay may carry a
number of independent contacts, but increasing the contacts on a
relay cannot be carried far without sacrifice of speed or reliability.
Hence vacuum tubes or other electronic elements should be able to
turn out somewhere between 100 and 1000 times as much work for
the same capital investment. Of course this is an extremely crude
argument; in practice, ratios approaching 1000 have not been achieved.
There are many problems in the handling of the data before it gets
to .the electronic processing stage, and still other problems have to
do with the recording of the output results. In these input and output
categories, the economies deriving from electronics are not nearly as
great as those in the pure arithmetic and logical functions which are
performed in the computer proper.
Even such rough considerations make it clear that, in seeking better
and cheaper methods for the processing of data, much may be gained
by exploring what electronics has to offer, whereas possible improvements in the performance of mechanical systems are likely to be
much less spectacular.
8.1.9

Fields of Application

Every data-processing device has some proper field of utility. Lest
the general statement in the preceding section be taken without reservation, let it be pointed out that every kind of data-processing instrument
has some field in which its application is economically justified. No
matter how good electronic machines become, the~e will still be valid
applications for punched cards (or· for some successor to punched
cards which involves a unit record that can be handled, mailed, and
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read by the general public). Likewise, there will always be applications for desk computers and adding machines. To carry this to the
extreme, it is unlikely that pencil and paper will soon disappear.
Pursuing the same idea in a different direction, we must recognize
that not all computation should be done digitally-there are innumerable places where special analog computers will always prove to
have better economic justification. There is, of course, no general
rule whereby we can draw an' exact boundary line and say that on
this side of the line the digital machine is always the better one and
on that side the analog machine is always ·to be preferred.
Just so, we cannot lay down any strict rule for when a specialpurpose computer is better than a general-purpose one. If such a
rule were worked out today, it would be outmoded tomorrow with the
advance in computer techniques, both analog and digital. More important than any rule is the fact that there is not today a sufficient
familiarity with the ways in which general-purpose digital computers
can be made to perform (in an economic fashion) jobs which have
heretofore been done in other ways, sometimes manually, sometimes by
analog computer, and sometimes by special-purpose equipment. The
development of automatic coding techniques, which will be discussed
later in this chapter, are expected to have a considerable influence on
this situation.
There is a human tendency to subdivide fields of application categorically and say that one type of machine takes care of all work in
one classification, and that some other type of machine must be used
when attacking problems in another class. With respect to generalpurpose electronic digital computers, such statements are often heard.
In the next major section of this chapter, devoted to the requirements
of data-processing machines, this question is discussed.
8.2

BUSINESS AND SCIENTIFIC COMPUTER REQUIREMENTS

8.2.1 Economic Basis Common to Business and Scientific Applications
In almost any discussion of electronic digital computers, a distinction is made between scientific applications and commercial and business applications. The implication is that a type of computer which is
good for scientific work is not suited to commercial and business problems, and that one which is well suited to the latter will be ill-adapted
to scientific work. There are circumstances and particular examples
of application which make such a distinction seem reasonable, but to
the present author this dichotomy is misleading. In what follows the
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applications will be distinguished rather by the .demands they make
on the input-output equipment relative to the internal processing.
First, however, it should be apparent that this very question of the
suitability of one or another computer for one or another application
implies a common basis for judging the applicability of various computers to such divergent application. That common basis is, in general, the economic one. Whether a computer is t~o be used mainly in
the solution of partial differential equations or principally in keeping
accounting records, the ultimate criterion which should govern its
selection is usually the same-the computer is a tool for producing
results, and the proper choice is that one which gets the desired results at the lowest cost.
Generally, but not invariably, the larger automatic data-processing
systems are able to show the lower cost if kept busy. A more or less
constant work load at a high level can usually' serve to justify a large
data-processing system. In scheduling and managing such a system,
the general aim is to avoid idle time and peak loads by spreading the
work as evenly as possible. "
Any system which deserves the name "general-purpose" is sufficiently flexible to handle a variety of problems so large that there should
be little difficulty in finding low-priority. problems which can be inserted into the computer production line at times when the immediate
demands for high-priority results do not 1exist. A computer designed
primarily for accounting problems may nevertheless be used on scientific problems, even though it may not be as efficient as a scientific computing system expressly designed for a given type of problem. Likewise, a computer normally loaded with 'scientific work may be used
for accounting or other business purposes when its scientific problem
load is low. Clearly, if one and the same type of computer can be
easily used for all sorts of problems, the chances of getting an even
flow of work and a balanced load are thereby improved.
8.2.2

The Computer-Limited Problem

Some problems make very small demands upon the input and output
facilities of a data-processing system. Tne computation of firing 'tables
and trajectories is of this type. The angle of elevation, muzzle velocity,
and a drag function which specifies air resistance as a function of
speed, plus certain constants, are speCified at the start of the computation. From then on, thousands of steps, each involving many multiplications and other arithmetic operations, must be carried out in
order to arrive at a comparatively few results. The solution time is
therefore dependent entirely upon the rate at which' the arithmetic

DATA PROCESSING

221

work can be done. Even rather low-speed and primitive facilities for
loading the original data and taking out the final results will not make
an appreciable difference in the economy of the operation.
Such a problem is called a "computer-limited" problem. (The opposite extreme i,s termed "input-output limited.") Computer-limited
problems are, more often than not, scientific problems. Some are computer-limited, in the extreme. Any computing system which has an
extremely fast arithmetic processing unit, but very mediocre inputoutput gear, is likely to be kept busy, because engineers and scientists
can find many problems which require no more than this. However,
problems of the computer-limited type are rare in business operations,
and such a machine would be of little use in accounting or in any
other business record-keeping activity.
'
The fact that scientists can use a machine having poor input-output
facilities, whereas businessmen cannot, certainly dc)es ,not mean that
scientific applications are always handled better on a nonbusiness computer. As technical applications of computers grow, the engineering
and scientific applications that demand more of the input-output system are coming to the fore.
8.2.3

Business Problems Require Fast Input-Output Facility,'
Input-Output-Limited Applications

There is an entirely different type of application which may result
in limitation~' associated with the input and output facilities of an'
electronic computer. Take as a possible example the maintenance of
a record file for something like a million customers, each account running to at least 100 digits. Periodically, this file must be brought up
to date, even though not every account will be changed in the process.
We might assume, for sake of concreteness, that about 10 per cent of
the accounts have shown activity during the period since the last
updating of the file. Eventually, some system of random-access files
will be developed for such purposes, but at present the economics are
against keeping a file of 100 million digits in any fast-access storage
or even a moderately fast-access storage such as a magnetic drum.
It is economically feasible to keep such a file on magnetic tapes, and
in fact this kind of problem is well within ,the economic range for
current magnetic tape machines. 'Somewhere between 50 and 100'
tapes might be required, and the scanning time would be about 5'
hours for existing computers. In recently announced systems soon to
be available, the scanning time for this file should be less than 3 hours.
On the average, only every tenth item would need any manipulation
whatsoever, and the items acted upon might require only a simple ad-
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dition to one member or transfer to a different tape in the output listing. This then is an example of a tape-limited or input-outputlimited problem. The arithmetic or other operations performed on the
data by the computer are exceedingly trivial, and the computing system which has such a problem will almost certainly be limited in its
capacity to perform by the rate at which the input-output system can
feed the data through.
This is what is generally termed a "business problem," i.e., this is
a problem typical of business applications. Whether such a problem
is found in scientific work depends on the field of scientific application
being considered.
8.2.4

The Complete Spectrum of Applications

It is a logical fallacy to assume that the scientific calculations with
which our computers have been busy in the past represent a typical
cross section of scientific problems in general. First of all, we may
note that the computers which have been somewhat less capable with
respect to input-output have for the most part been provided with
larger internal storage capacity ranging from 4000 to 16,000 words. On
the other hand, computers with fast magnetic tapes intended to serve
well in handling business problems, and with internal storage of only
1000 or 2000 words, have nevertheless been able to handle much larger
scientific problems than could be efficiently solved on the scientific
machines.
It is a fact to which many men of scientific and engineering experience can attest, that their field abounds with problems that are
fully capable of taxing the best input-output facilities and storage
capacities of any proposed data-processing system.
For instance, matrices of order 200 by 200 have 40,000 elements,
and at the present time there is no electronic computer with sufficient
internal storage capacity to accommodate a matrix of this size without
recourse to tapes as an· auxiliary storage medium. Nevertheless,
matrices of this order have been inverted. Such jobs have been done
on tape computers commonly described as business rather than scientific computers.
Again, if the solution of partial differential equations is attempted
by the usual finite difference techniques, there are already severe
limitations as to what can be done in a two-dimensional problem. A
20-by-20 net will have 400 points, and for each of these points not one
but a number of values may have to be stored. As soon as we attempt
to carry out similar solutions in three dimensions, even this coarse
lattice requires that the storage capacity be multiplied by 20. The
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systematic nature of the process whereby such a lattice of points is
repeatedly scanned in solving a partial differential equation makes
tapes an effective auxiliary storage for such purposes. Only a small
portion of the total data need be brought into the high-speed or rapidaccess internal storage of the computer at anyone time.
To demonstrate the feasibility of this systematic use of tapes,
a moderate-sized three-dimensional Poisson problem was run on
UNIVAC I several years ago. A complete iteration over 2000 net
points was carried out every 40 seconds. This was done with tapes
since UNIVAC I has only 1000 words of internal storage. Both IBM
and Remington Rand now have computing systems with larger internal
storage, on which this 2000-point problem would run faster. These
machines will have to rely on auxiliary storage for handling anything
over 30,000 points.
Another field of application, scientific in nature and capable of using
all that can be supplied in the way of input-output facility, includes
certain types of large-system simulation problems. For instance, for
flood control and flood prediction, any mathematical model that can
adequately represent a large river system including many tributaries
is complex and exceedingly nonlinear. Presumably many of the properties of the system must be determined empirically by analysis of
previous observations. If we attempt to solve this problem using a
scale model of the actual system, difficulties arise regarding the
hydraulic analogy. In scaling down the dimensions of the system, we
should also scale the viscosity of the fluid used. However, it is not
practical to use in the model anything other than water; hence, the
analogy is by no means exact. In order that difficulties on this score
will not be too drastic, the model must therefore be rather large; it
then becomes an expensive matter to maintain such a model, which
extends over vast areas. In fact, the maintenance cost of such a model
may well exceed the cost of a digital computer which could solve the
same problems. The computer code could have its constants altered
to represent a change in the river bed, or an entirely new channel of
flow, much more readily than can the physical scale model.
As a final example of a scientific problem which can easily make
strong demands upon the input-output equipment of a computer, consider the field of "linear programming." Here linear inequalities are
used to describe the restrictions which must be observed in a scheduling problem, such as the allocation of manufacturing machines in a
large plant for the most efficient production of certain specified
products in accordance with a specified delivery schedule. That is,
we seek to minimize the cost of production or to maximize the amount
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produced, while at the same time keeping within certain imposed restraints, which of course' includes the fact that the manufactured
quantities and the goods, dealt with must always be nonnegative.
Such problems are characterized by rectangular matrices which in
practical cases, may be of order 500 by 5000. Even though many of the
elements of such a matrix may be zero, it is neve!theless impractical
to store all of the pertinent information within the 'internal storage of
existing large-scale computers. Auxiliary storage, such as magnetic
tapes, must be used for this data, yet such data must' be repeatedly
available during the course of solution.
These do not exhaust the examples which could be cited, but it
should be clear that there are large classes of problems, usually described as scientific, in nature, which are not well handled on a com'puter lacking good input-output facilities.
8.2.5

How

Scienti~c

and Business Problems Converge

There is still another reason to be extremely wary of any attempt
to distinguish sharply between the, "scientific" and the "business"
category of computers. ,There is a growing tendency for the applications themselves to come closer together. For instance, the linear
scheduling problem discussed in the preceding section was classed as
a scientific application. 'It may well be considered also as a business
problem. The same mathematical techniques are being used at this,
time to enable an operator of an oil refinery to determjne what proportions of different end-products he should make from his crude
petroleum, in order to maximize the profit to be obtained through the
operation of his. refinery. From ti~e to time, as demands fluctuate and
the market prices at which he can sell consequently vary, he needs to
solve the same type of -problem repeatedly in order to readjust his
output for the maximum profit.
Is this a scientific problem or a business problem?
The businessm~n may also use a related mathematical technique
for minimizing t~e cost of transportation between numerous factories
or warehouses and the market destinations of his products. Similarly,
utility companies which distribute electric power over a large area may
have a number of generating stations, each of which operates at a
different efficiency which varies with the load. Such companies are
now seeking mathematical solutions which optimize their profits, in delivering the required p~wer to consumers, through proper regulation
of the various generators. to minimize the cost of the delivered power.
This is different from minimizing the cost of the generate,d power, since
the cost of distributing or "transporting" the power from the genera-
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tor to the customer is different for different patterns of generation and
consumption.
'
The examples just cited certainly have their ,technical aspects, as
well as their economic side. Let us therefore pick as a final illustration
something that comes much closer to the normal accounting and business operations. Almost every large company has a great deal of
money tied up in inventory. Significant savings can be made if it is
possible to determine accurately the proper operating level at which
such inventory should be maintained. Human judgment based on
past experience is the usual basis for the rules governing the minimum
point at which an order should be initiated, and the quantity to be
ordered, both of which of course differ from, item to' item. An electronic inventory control system can follow such rules and imitate
exactly the system which has been worked out on the basis of such
experience.
However, even if the rules established originally were ideal, as time
goes on the situation is bound to change, and the established rules
become outdated. Why not let the computer work out the rules? The
electronic data-processing system is handling all of the data that constitute the experience pertinent to the formulation of such rules. Give
the computer a program of the right kind, and it will statistically reevaluate the inventory operation on each item, taking into account the
most recent experience as well as earlier data. It appears possible,
in other words, to have the computer carry out a continuous reevaluation of the system, properly adjusting the action it takes in
maintaining the inventory' on each item so that the capital tied up
in inventory is minimized while at the same time the risks attendant
upon too Iowan inventory position are controll~d. Such an application for an electronic business machine certainly lies within the field
of business operations, but any approach that attempts to do this
in a rational way must at the same time lean heavily upon mathematical and scientific techniques.
Indeed, the last-mentioned example is only one of an inexhaustible
variety in which the methodology of science is applied to business
problems. This is sometimes known as "Operations Research." If a
distinction between the business and the scientific application exists,
it is certainly being strained by such developments, and it is the
author's opinion that attempts to draw such distinctions do more harm
than good.
_
In general, we can say that as busine~s organiZi~tion~ learn more
about the capabilities of the data-processing machines they are acquiring, they will want to dd more sophisticated' things with them, and-
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many of the new techniques which will be developed to aid the businessman in the management field will have a very strong scientific flavor
to them. Hence the firm that acquires a digital computer should favor
equipment which is likely to be flexible in application, even if present
requirements do not seem to require all of the abilities that make a
general-purpose data processor efficient on a wide range of jobs.
8.3

8.3.1

THE BASIC REQUIREMENTS ON EQUIPMENT FOR AUTOMATIC
DATA PROCESSING IN BUSINESS AND INDUSTRY
Fast-Access, Reusable Storage

The speed with which electronic components can perform' arithmetic and logical operations cannot be utilized without storage devices that are capable of supplying the data to be' processed at an
adequate sustained rate and of storing the results so obtained at the
same rate. Much of the economics of computer design and computer
application revolves around the balance of computer storage capacity
and access times. Since faster access devices are generally higher
in cost, a mixed strategy turns out to have advantages. A limited
amount of storage can be made extremely fast. This is then supplemented by some other form of storage which, though slower in access,
effectively h~s an unlimited capacity. Some processing equipment also
uses an intermediate level of medium-access-time storage with a
capacity well beyond that of the fast storage. Until recently, fast
storage was usually provided either by merGury delay lines or by
electrostatic storage on the face of a cathode-ray tube. UNIVAC I
uses 1000 words of delay line storage with an average access time of
about 200 microseconds per word. Sperry Rand, IBM, and many
others have built computers using electrostatic storage for much faster
access, but magnetic-core devices now appear most attractive for
reliable large-capacity, fast-access storage.
Computers with magnetic-core storage have already been put into
service, and this type of memory device seems likely to be dominant
for some time to come. Up to 10,000 words of core memory will soon
be obtainable in the Remington Rand UNIVAC II, and IBM offers
large computers with core memories ranging up to 30,000 words in
the 704. As with the electrostatic mem.ory, special designs could be
used to give extremely short access times, ranging down to about 1
microsecond, but the commercial models being offered are in the 10 to 25
microsecond range. There is every indication that core storage requires very little maintenance and is highly reliable.
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The medium used to provide unlimited storage capacity is usually
magnetic tape,. although under some conditions, punched cards are
preferred to facilitate communication with other existing pieces of
auxiliary equipment. Some scientific calculators continue to use Teletype tape as the principal and sometimes sole input-output medium,
but this severely limits the flexibility and utility of such equipment for
general processing.
The fact that magnetic-tape records can be transcribed faster than
card or paper tape records is important, but the reusability of the
magnetic tape also contributes directly to making the processing operations more automatic. As will be seen in Section 8.5, where sorting
and merging will be discussed, the magnetic tape is used to extend the
effective capacity for "temporary storage." Data must be shuttled
back and forth from tape to tape. If fresh tapes had to be provided
every few minutes because the medium was not reusable, much of the
automatic character of such an operation would be lost. It is for this
reason, rather than the obvious material cost saving, that a reusable
medium is essential.
Many large computer systems also have a magnetic drum as an
intermediate storage facility. Typical drums range in capacity from
4000 to 16,000 words. The drum may be loaded from tape or cards,
as the case may be, and results placed on this storage medium can
be read out to tape or cards. Some computers have instructions for
selecting a single word from the storage drum, but it is customary
to rely mainly upon transfers which move a block of words between
the high-speed storage and the drum. Access times comparable to
those of the mercury delay line memory can be secured by extremely
high-speed drums, but drums in current use are slower and give correspondingly longer access times. Thus, with a drum turning at 3600
revolutions per minute, sometimes a maximum wait of one-sixtieth of a
second might occur in locating a desired word. For such a drum, the
average access time would be approximately 10 milliseconds.
8.3.2

Common Storage of Data and Instructions

A second basic requirement for any general-purpose electronic dataprocessing machine is that the instructions whicl.I direct the operations
to be performed should be stored in the same facilities used for the
data, so that they may be operated on and transformed or modified
by the same kind of instructions as those used to process the data.
This immediately provides an enormous degree of generalization in
the processing that can be set up by coding. It means that programs
can be written so that one sequence of instructions modifies or even
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generates another instruction sequence. It is clear that there is no
theoretical limit to this creative and self-modifying ability. A first
set of instructions may operate upon a second, and these in turn upon
a third, and these in turn upon a fourth, etc. The practical limit depends upon the ability of the human personnel who must think through
the consequences of such a pyramid in order that the end result will
be understandable and useful.
The fact that a computer program can modify its own instructions
or create new instructions to be used in a later processing operation
has several important implications. When the processing to be done
is essentially an almost: repetitive one with only minor changes in
the calculation from step to step, this facility makes it unnecessary
for the human programmer to write out in detail every one of these
steps and carefully check that each one has exactly the proper variation from the last. Programming becomes more like the formula
writing of mathematics, in that the same program can be applied
again and again to different pieces of data. Sometimes the only
change is the identification of the data to be used as the program is
repeated. Of course, the data itself may supply some cue which
dictates a modification in the program, and thus a single set of instructions may allow for a very large number of different types of
treatments of the item, depending upon the item characteristic.
The facility to use instruction to modify instructions also has an
important bearing upon the computer design and the balance of computer operation speeds, fast-access storage, and input-output rates.
Since instructions may be modified, it is possible to provide a small
program which, through modification, can do a large number of jobs,
and this replaces an extremely lengthy set of alternative programs that
would otherwise have tobe written out explicitly. Consequently, a
great economy in storage of programs is possible, but at a sacrifice in
effective processing speed. This will be illustrated in Section 8.4.
8.4
8.4.1

EXAMPLES OF CODING FOR DATA PROCESSING

A Simplified Single-Address Code

It is not necessary to become an expert at programming and coding
to understand some of the' problems facing those who wish to use large
digital computers. Through a study of a few typical examples in
coding, we can make certain generalizations that will be helpful III
considering the larger strategy of data processing.
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For present purposes we need only a few instructions. In the
following list the first letter of the instruction indicates the operation
to be performed, and the succeeding digits "xyz" are the code for a
storage location. The "accumulator" is a one-word register separate
from the main storage and having no location code "xyz." Its use
will be evident as the instructions are described. Parentheses are used
to indicate the contents of the register named within them. Thus,
(xyz) means the contents of the register xyz.
Sample instructions for coding examples:
A

xyz Add (xyz) to accumulator, result in accumulator ..

S

xyz Subtract (xyz) from accumulator, result in accumulator.

C

xyz Copy accumulator into location xyz, leaving accumulator clear.

H

xyz Same as C xyz, except hold, do not clear, accumulator.

J

xyz Jump control to xyz.

N

xyz Jump control to xyz and clear accumulator, only if accumulator is
negative.

Z

xyz Stop computer, sound buzzer. Digits "xyz" have no effect.

A typical general-purpose digital computer would, of course, have
numerous other instructions and in particular should have instructions
for multiplication and input-output facilities. The following additional
instructions, not used in the examples here, have their counterpart in
most general-purpose data-processing devices. A second special register, here designated as the "factor" register, is convenient to facilitate
multiplication.
F

xyz Reproduce (xyz) in factor register.

M

xyz Multiply (xyz) by factor; product, rounded off, is left in accumulator (all decimal points at left).

R

xyz Read next group of 100 words from tape number "z," placing these
words in consecutive locations beginning with xyO.

W xyz Write a group of 100 words on tape number "z," said group being
consecutive words beginning with location xyO.
Y
8.4.2

xyz Rewind tape number "z." Digits "xy" have no effect.
Straight-Line Coding

Suppose it is desired to sum 100 different numerical values, which
have already been stored in locations 100 through 199. The sum of
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these 100 values is to be placed in location 200. Clearly, this can be
done by a straightforward sequence of instructions, such as the following:
. AIOO,

AIOI,

AI02, ... , A198,

A199,

C200.

Simple as this program may be, there are still two ways in which
it could fail. In the first place, we have not made certain that the
accumulator was cleared to zero before starting the accumulation. This
can be rectified by preceding the instructions above by one instruction, "0200." Secondly, the sum of 100 values might turn out to
exceed the digit capacity of the accumulator and "overflow" would
take place. Coding methods to handle overflow, or to prevent its occurrence, will not be discussed here. It is sufficient to note that such
problems do come up, and that it is a necessary part of the job of
programming and coding to foresee and provide for such matters.
8.4.3

Modification of Instructions to Form Iterative Loops

The coding just given for the summation of a set of numbers is
simple, but such "straight-line coding" is often inexpedient for several
reasons. The instructions themselves may occupy a great deal of
storage, particularly if the number of values to be summed is large.
Furthermore, if all of these instructions must first be written by the
human coder, time is wasted and there is opportunity for error, both
on the part of the coder and on the part of the clerk transcribing such
coding to tapes or other machine media. All and all, it is more reasonable to have the computer itself create the required sequence of
instructions.
If the computer is to generate such a sequence, then two principal
courses of action are open. It can be arranged that all of the required
instructions are generated sequentially before any of them are executed. At the opposite extreme is the strategy of executing each instruction just after it is created. Both methods will be illustrated.
First consider the coding indicated as Oode A in Table 8.1. This
has no other purpose than to increase by one unit the location digits
"xyz" of an add instruction. The serial numbers at the left of the
instructions indicate the register numbers in which such instructions
are to be stored. Thus, the instruction AlOO is in location 300. This
information must be specified because the instructions themselves are
to be operated upon; therefore these location numbers will occur in
the instructions we write. (Note that the straight-line coding, as
written above, would have operated correctly, no matter where it was
stored, provided it was not in the locations 100 through 200, inclusive.)
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Table 8.1

Some Examples of Coding-Instructions Modified during Program
Execution Are in Brackets

Code A (7 *)
300 [A 100] *
01 A 200 *
02 0200 *
03 A 300 *
04 A 307 *
305 0300 *
06 J 300 *
07 0001
08
09
310

Code B (8 *)
300 [A 100] *
01 A 200 *
02 0200 *
03 A 300 *
04 A 309 *
305 H300 *
06 S 310 *
07 N 300 *
08 Z 311
09 0001
310 A 200

400 o 300
01 A 421 *
02 [0 300] *
03 A 402 *
04 A 420 *
405 0402 *
06 . A 421 *
07 A 420 *
08 H421 *
09 S 422 *

Code D (10 *)
410 N 401 *
11 A 402
12 H416
13 A 420
14 o 418
415 A 4~3
]
16 [
17 A 424
]
18 [
19 J 300

Oode E (11 *)
300 A 318
310
301 H305
11
02 A 317
12
03 o 306
13
04 o 200
14
305 [A 100] *
315
16
06 [A 101] *
07 A 200 *
17
08 0200 *
18
09 A 306 *
19
* Instructions within the iteration loop.
total number.

Code C (8 *)
300 A 313
01 o 303
02 o 200
03 [A 100] *
04 A 200 *
305 0200 *
06 A 303 *
07 A 312 *
08 H303 *
09 S 314 *
310 N 303 *
11 Z 315
12 0001
13 A 100
14 A 200
315
I
420 0001
21 [A 100]
22 A 200
23 o 200
24 Z 425
425

A 317 *
H 305 *
A 317 *
H306 *
S 319 *
N 305 *
Z 320
0001
A 100
A 200

Parenthesis after code letter gi ves
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In Code A, the instruction in 303 brings the contents of 300, which
is A100, into the accumulator. One unit is added to "xyz" of this
instruction by the command in 304, since the contents of 307 is one.
This is followed by C300 in 305, which sends the augmented instruction to the original location 300, after which the jump control in 306
closes the loop by selecting the new instruction in 300 as the next one
to be executed. Each time this loop (involving the seven instructions
in locations 300 to 306 inclusive) is traversed, the instruction in 300
appears with an operand "xyz" one unit greater. The contents of the
location so designated add to the accumulated subtotal stored in location 200, after which the new subtotal is returned to 200.
It is clear that Code A accomplishes the purpose of generating and
executing new instructions for a continued accumulation, but there
is no control for stopping this iterative process, once it has been started.
To a void the endless cycling in this loop w~ must add instructions that
test for the completion condition. In Code B, two more instructions
have been added. Also, a "constant" has -been stored in 310. Note
that (305) records the modified A xyz in 300 using an H rather than
a C instruction, following which the constant A200 is subtracted by
the instruction 8310 occurring in 306. As long as the modified instruction is less than A200, the subtraction of (310) will produce a negative
result in the accumulator, and the negative jump instruction in 307
will turn the program back to 300 and continue recycling around the
loop. However, when the modification of the contents of 300 has proceeded to a point· where this modified instruction becomes A200, the
result in the accumulator will be zero after subtraction of ·(310), and
the "negative jump" will not take place. Instead, the next instruction
for the computer will be taken from location 308, which contains a
stop instruction.
Code B accomplishes the task for which it was intended but still
leaves a few loose ends which are taken care of in Code C. Neither
Code A nor Code B guarantees that the accumulator was cleared before
starting the summation. Furthermore, loc'ation 200, which acts as an
accumulator, is likewise able to spoil the result if not initially cleared.
Finally, it should be noted that Code B is not "reusable." It is often
desirable to code routines in such a way that they may be used any
number of times for the same purpose, and this requires that those
instructions which have been modified in the course of execution of
the routine be reset or restored to their original values, when the
routine is again entered for subsequent use.
In Code C, these matters have been taken care of by storage of the
extra constant A100 in location 313 and by the provision of three
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instructions at the outset, which reset the modified instruction using
this constant and also clear location 200. What initial assumption is
made in Code C?
8.4.4 Generation of Straight-Line Coding
Code D illustrates the use of an iterative routine for setting up' the
straight-line coding originally suggested in Section 8.4.2. When the
full set of 100 add instructions has been produced, Code D transfers
control to the generated instructions. Some of the extra instructions
found in Code D are necessary to transfer the stored terminal instructions C200 and Z425, which must be appended to the generated set
of add instructions. Code D is not an example of elegant refinement
in coding technique; the reader should readily be able to devise improvements. It is certainly inefficient to bring the same contents of
421 into the accumulator on two different occasions (note the instructions stored in 401 and 406). However, the purpose of these examples
is not to exhibit polished coding but to show the variety of methods
of attack that can be used on even the simplest sort of problem and
the wide implications of such a diversity of techniques.
8.4.5 Storage Requirements versus Execution Time
Although the task which the preceding codes have been designed to
accomplish is an exceedingly trivial one-the summation of 100 numbers-nevertheless the coding given illustrates several extremes that are
typical of many more complicated, but essentially repetitious, dataprocessing jobs. When the entire set of operations are in straight-line
form without resorting to modification of instructions, the storage required is often prohibitive. By using the computer to modify its own
instructions, we may, in effect, create from a smaller set of more
general instructions the set that actually operates upon the data. This
reduction in storage requirements is bought at the price of extra
computer operations. Sometimes these extra duties which the computer
must perform are referred to as "bookkeeping" or "housekeeping"
operations.
From Code B or Code C above, it is seen that in the iterative loop
there are eight instructions, only ~me of which directly operates on a
data word. It is a reasonable assumption that the same execution rate
applies to all of the instructions used in the example. Thus, seveneighths of the time used by routine C is spent on "bookkeeping." A
time estimate based only on useful operations which directly process the
data must be multiplied by a "bookkeeping factor," which in this instance is 8.
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It should be clear that the bookkeeping factor will vary from problem to problem,· and since most processing involves more than a single
operation on each word of data, there are usually ways to cut the
bookkeeping factor well below 8. Also, some automatic computers
have automatic address modification facilities designed into their
hardware, and this helps a great deal in reducing the bookkeeping
factor.
As newer types of large digital computers are appearing with increased high-speed storage capacity, it is worth noting that such additional storage facilities can do more than merely increase the size of
the data-handling problems which can be run through them. The
extra storage can often be effective in increasing the processing rate
in those cases where it becomes feasible to use more straight-line coding and spend less computer time on the generation and modification
of instructions.
8.4.6

Compromise Coding

A final example will illustrate that it is not necessary to adopt either
of the two extremes which have been illustrated, and that, in some
cases, a compromise may be made between the storage-saving techniques and the time-saving techniques. In Code E above for the same
problem, advantage is taken of the fact that once an instruction word
has been brought to the accumulator for modification, it can be used
to create two modified instruction words, before the accumulator is
released for the execution of these instructions. The iterative cycle
of Code E contains 11 instructions, but this cycle includes 2 add instructions and therefore the bookkeeping factor is 5.5. The increase
from 14 instructions in Code C to 19 in Code E indicates that the space
requirement has gone up in about the same proportion as the time
requirement has been reduced.
The fact that coding methods able to effect a compromise between
the competing limitations of storage and execution time can often be
found has one further implication with regard to the basic computer
requirements. The implication is that there is no precise point at
which the storage of a general-purpose computer can be said to be
"adequate" or "inadequate." Not only are the requirements bound
to differ from one application to another, but it should now be clear
that, even for the same application, there are enough different strategies
in the coding process for it to be extremely unlikely that any user
could justly claim a fast-storage capacity of 2500 words as absolutely

DATA PROCESSING

235

necessary for efficient handling of this job, whereas anything above
that would be of little value to him. To be sure, there may, for certain special applications, be sharp cutoff points peculiar to that application, but for the broad class of data-processing jobs normally
occurring in business and industry, it is difficult to determine where
the optimal point. might be.
So far, we have discussed only the internal problems connected with
coding. A discussion of the input-output facilities will throw further
light on the variety of strategies available in data processing by automatic computers.
8.5
8.5.1

INPUT-OUTPUT CONSIDERATIONS-TAPE STRATEGY

Cards and Tapes for Sorting and Merging

The related processes, variously described as sorting, merging, collating, ordering, sequencing, and alphabetizing, occur frequently in
many data-processing applications. The volume of data to be so
treated is usually rather large and may involve many thousands of
items. In some cases an item may run to hundreds of digits. There
seems to be no practical way of providing enough fast-access storage to
hold at one time the entire body of data that would normally enter into
such a process. Medium-access storage' on magnetic drums can provide enough capacity for some moderate-sized problems, but, in general, large volumes of data to be sequenced must be recorded either
on punched cards or on magnetic tapes.
At first glance, it might appear that we should not attempt to sort
on tape equipment. Cards have certain obvious advantages for sorting, and card-sorting machines are relatively inexpensive. Card
sorters are also faster than most other card equipment; some presentday sorters are capable of feeding 600 or more cards per minute.
A closer look, however, reveals that tape equipment can be made
to sequence data more automatically, and there are .also other considerations that make card sorting less attractive. At 600 cards per
minute, about 1000 characters per second are being passed through the
sorter. Magnetic tape units operate at ten to twenty times this rate.
To keep ten or twenty sorting machines supplied with cards at the
600 per minute rate, a number of attendants are required (ranging
from eight to over twenty) . Although personnel are needed to change
tapes on the automatic digital machine, the requirements are appreeiably lower. Moreover, in card sorting, human errors in card handling
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can be costly, whereas the computer operation can be set up to guard
against mix-ups in tape handling.
Furthermore, the standard card sorter looks at but one digit, or
column, per card during one passage of the data through it,1 whereas
the general-purpose digital computer can examine whole words or combinations of digits from different words during a single data pass, thus
allowing more sophisticated sequencing methods to be employed.
Merging or collating, an operation that is relatively slow on card
equipment, is actually a preferred method of sequencing for many
applications of tape machines.
Finally, automatic computers can often perform such jobs as summary tabulations without sequencing the data being summarized; much
of the sorting done on card machines is required solely because this is
the only expedient way to summarize and tabulate on such equipment. "
8.5.2

Tape Requirements for Sequencing Data

In general, for an automatic computer to be efficient at sequencing,
it should have a number of associated tape units. How large this
number should be depends on many interrelated computer characteristics. However, it is easy to set a minimum.
A digital computer should have, at the very least, four tape units
if it is to carry out properly the sorting of one or more reels of randomly
arranged items. It is easy to see why this must be so. In the first
pass of data through the computer, information read from one reel is
subj ected to test by some criterion and, depending on the outcome of
such a test, each item is recorded on one or the other or two output
reels. This two-way, or binary, sorting of the data is but the first
of a series of binary sorting operations which must be carried out
before the proper final sequence is attained. In the second step of
this sorting process, the two tapes that were used just previously to
record the output from the first sort now become the input to the
second step, and this means that two more tapes must be available
for the output of this second sort. The original data tape can be used
for one of these outputs, if erasure of the original data is acceptable.
If the original data is to be saved, that reel is removed from the tape
unit and another substituted. At the end of step two, the output from
step one will have been read back through the computer and redispersed on the other pair of reels in accordance with whatever sorting
criterion is being used. Succeeding steps in this process shuttle the
1 There are special machines, such as the IBM 101 statistical machine, which
have the ability to examine many different columns and discriminate among
various combinations of the information so read.

DATA PROCESSING

237

information back and forth between the two pairs of reels until, in
the final step, the desired sequence has been secured.
It is clear that for a very large number of items many passages of
the information from one tape to another to the computer will be required. If we use only the binary or two-way process just described,
then an extra tape pass will be required each time the number of items
to be sequenced is doubled. The obvious way to reduce the number
of data passes through the computer is to use more tape units, distributing the items on three or more tapes durill:g each pass.
However, to make such a process continuous and automatic, the
computer should have at least six tape units for a three-way process,
eight units for a four-way process, and so on. Thus, to duplicate the
ten-way sorting process customary on card-sorting equipment, at least
twenty tape units would be necessary. Although this is not an impossible requirement, the cost of such an extended input-output system
is not justified in most processing systems. Fast tape units are expensive, and slow ones would fail to give the gains we are here seeking. Actually, in machines presently available, the internal rates for
comparisons and transf.ers ultimately limit the sorting speed, and
sequencing methods using only eight or ten tape units can be computerlimited. When this is the case, there is little benefit from additional
tape units which must stand idle part of the time because the bottleneck is in the internal processing speed.
Several other considerations make it unwise to assume that a large
number of tape units for sorting can be economically justified. For
one thing, the column-by-column or card-sorting methods usually require more passes than the collating and merging methods, which are
easily carried out by electronic processing equipment. Also, in an
automatic computing system we can frequently combine any necessary
sequencing with other processing operations during the same passage
of data throu"gh the computer. In card systems, sorting and other
processing operations are of necessity done by different pieces of equip".
ment.
Finally, we must not presume that all the sorting done in a card
system must also take place when large data-processing computers are
used. Sequencing of data can often be partly or completely avoided
on electronic equipment. This is because many characteristics of a
data file can be summarized and tabulations built up in the internal
storage during a single scan of a data tape. To prepare the same
summary tabulations with cards, sorting is essential. "This is one
example of the general principle that all data-processing methods
need basic re-examination when new equipment is to be used.
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Overlapping Input-Output, Computation, and Rewind Times

Previous discussion of computer-limited and tape-limited problems
has already assumed that facilities exist for overlapping some of the
time required for these different operations, but it may be helpful to
present some hypothetical figures (for the "sample computer" of Section 8.4.1) to illustrate the desirability of such strategy. Let the tape
transcription rate of the sample computer be 1000 words per second.
Assume an item length of 10 words. Then each block of 100 words
contains 10 items. For present purposes, assume that instructions
such as A, S, and N, required for transferring and testing data, are
executed in 100 microseconds each.
Suppose that the sequencing operation is now at the stage where a
block of 10 items from one input tape is to be merged with another
block of 10 items from a second input tape, thus creating 2 blocks of
output data consisting of 20 items in proper sequence. The typical
instruction sequence, Add, Subtract, and Negative jump (A, S, N),
for a comparison of pairs of items from the 2 input blocks, will have
to be repeated something like 19 or 20 times. All other operations
required to keep track of addresses and the number of items dealt
with can be considered as included in the "bookkeeping factor" which
we will here take to be 5. Then, a rough time estimate for the internal
operations is 1.5 milliseconds per test, and thus 30 milliseconds for each
pair of blocks merged.
At 1000 words per second, 200 milliseconds are used in reading 2
blocks from tape and an equal time is required for writing the merged
sequence of 20 items.
If reading, writing, and processing cannot be overlapped at all, then
430 milliseconds will be consumed for each 20 items so processed.
Merely overlapping the tape-read and tape-write operations cuts the
time requirement to 230 milliseconds. .A further reduction is possible
through overlapping the computing or processing time with the inputoutput operations. In the particular example used, this saving does
not seem large; only 30 milliseconds have been cut from the 230 milliseconds by overlapping the reading of new data, the processing or" current data, and the writing of already processed data. The merging
process is here a tape-limited one, and the computer has 170 milliseconds to spare while waiting for the tape operations.
There are several possibilities for improving the efficiency of such
an operation. If more tape units are available, it may be quite profitable to merge items from 4 tapes and thus convert sequences that are
only 10 items long into sequences that are 40 items long in 1 tape pass.
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Since the total number of items to be processed is assumed fixed, the
total time for each complete passage of all the data through the computer will not change. Hence the final sequencing will be accomplished in half the time, because only half as many passes through
the machine are needed when four-way merging is substituted for twoway merging. The more complicated comparisons required to accomplish four-way merging require considerably more than four times the
computer time-in this case, more than 120 milliseconds-and might
turn out to be over 200 milliseconds. Such a change in procedure can
easily result in converting what was originally a tape-limited process
for a simple merging scheme into a computer-limited process for a more
complex merging scheme. Such a change in strategy is of no advantage
if the computer time cannot be overlapped with the input-output time.
A second strategy to overcome the inefficiency of the merging process
used in this example is to incorporate other data-processing operations
so as to make' effective use of the extra computer time not used in the
actual merging operation.
Another kind of time overlap that may contribute to efficiency is
obtained when the rewinding of certain reels of processed data can
occur while other tapes are recording newly processed data. This too
has limitations. The nature of the process may be such that the data
just recorded is immediately necessary for the next step in the sequencing process; overlap of rewind time is then impossible. In such instances, a computer capable of reading data back into the computer
while tapes are running in reverse, can operate more efficiently than
one that must rewind the tapes before they can be read again.
8.5.4

An Example of Tape Strategy in Merging

There are many ways in which the efficiency of utilization of a dataprocessing computer depends upon the strategy used in handling tapes.
An interesting example which can be explained without getting into
complicated details has to do with the merging of many tapes (already
internally sequenced) to form a single sequence. For a particular
computer and for a particular kind of item, some particular merging
process will often be most efficient. In some cases, a four-way merge
might be the most efficient type, whereas under different circumstances
a three-way merge or a five-way merge would turn out to be most
efficient. For this example, it will be assumed that the characteristics
of the computer and of the items being handled are such that a threeway merge is the most efficient.
The tapes entering into this merging process have already been
internally sequenced, and the proper strategy for merging three or
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nine or twenty -seven such reels into one continuous sequence is then
clear, since this can be'done through the use of three-way merging
at every step.
Suppose, however, that the amount of data occupies exactly. eleven
reels, so that we must employ two-way merging in some cases. We
might enthusiastically embark on a process that uses three-way merging as fully as possible at the outset and resorts to two-way merging

Fig. 8.1 Merging eleven tapes: first scheme, thirty-one tape passes

only when there are no longer any opportunities to use the three-way
merge. This procedure is shown graphically in Fig. 8.l.
By three-way merging of the first three sets, we obtain three sequences of three reels each, which are then merged into a single sequence
of nine reels. The two remaining reels are subj ected to a two-way
merge, and the two-reel sequence so obtained is then merged with the
nine-reel sequence by a final two-way merge, so as to obtain the desired eleven-reel sequence.
Consideration of Fig. 8.1 may lead us to try a different scheme, such
as that shown in Fig. 8.2, where the need for a two-way merge has
been eliminated and nothing but three-way merges are used. Is this a
better strategy?
If, for the sake of comparison, it is agreed that all mergers, whether
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two-way or three-way, are tape-limited, then the efficiency of these
strategies may be judged by the number of tape passes required to
accomplish the final sequence. For the scheme in Fig. 8.1, thirty-one
tape passes are required, whereas for the scheme" in Fig. 8.2, twentynine suffice. This change in strategy therefore gives a 6 per cent
improvement.

Fig. 8.2 Merging eleven tapes: second scheme, twenty-nine tape passes

Since the second method uses only three-way merging and never
resorts to two-way merging, there is a temptation to assume that Fig.
8.2 represents the optimum strategy.
This is an unwarranted assumption, as can be seen from Fig. 8.3,
which achieves the same eleven-reel sequence by a different combination of three-way merging. The third scheme requires only twenty-five
tape passes, in contrast to the twenty-nine required for Fig. 8.2. Thus
a further improvement of about 16 per cent has been made. In a
typical operation where this kind of sequencing job has to be done
every week throughout the year, many thousands, or even tens of
thousands~ of dollars of processing cost can be saved by this simple
change of strategy.
If we no longer assume that the two-way merging process is just
as time consuming as the three-way process, then other strategies, in-
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volving a combination of two-way and three-way m~rging, may be
found that are better than. the one shown in Fig. 8.3. This condition
may arise when the item size is small, thus requiring more comparisons
for each batch of data read in from tapes. For smaller item sizes,
more complicated merging methods sometimes turn out to be computer-limited rather than tape-limited.
Although this discussion of tape strategy has been in terms of the
sequencing process, there are many computer applications that do not

Fig. 8.3 Merging eleven t.apes: third scheme, twenty-five tape passes

involve sequencing at all; but for· these the computer efficiency is
strongly affected by the way in which the tapes are used. Tape
strategy is important whenever large volumes of data mlist be read
in and out. As mentioned earlier, the tapes form an important auxiliary memory for a variety of large scientific computations, and the
proper use of such tape storage can make a large difference in the
efficiency with which a scientific problem is· solved. Matrix multiplications and inversions, for a matrix of the order of 200 by 200 (thus
having 40,000 elements), are but one example of a type of problem
which exceeds the practical capacity of an internal. high-speed storage
system. As mentioned earlier, partial differential equations in three
dimensions quite often require the systematic handling of tapes for
auxiliary storage for the best efficiency to be achieved.
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RELIABILITY AND ERROR CONTROL ARE BASIC
TO SYSTEM DESIGN

Machine Faults and Human Mistakes

Error control procedures are a necessary part of every system design. Under the name of "quality control," a great deal of theory
and practice has been developed to deal with the variations that can
occur in a tangible manufactured product. The amount of human and
machine time spent in controlling the errors that occur in data processing must be enormous, but such controls are usually devised without
adequate theory and without reference to the factory quality control
methods. Accountants have required their books to balance to the
penny. Engineers and scientists have often had their calculations
repeated in detail by a different group of people, just to make sure
that no serious errors have been made.
Since the control of errors is not a new problem, past methods and
experience are likely to be relevant but should not be relied upon exclusively when new equipment and new processing procedures are
being considered. We can usually attribute any deviation from correct results to one of two general sources-the human mistake and the
machine fault. Automatic electronic data-processing equipment has
in fact established new standards of reliability with respect to machine
faults. Automation has also reduced the opportunity fbr certain human
mistakes and provided some additional methods for control. Several
aspects of these questions will be discussed briefly.
8.6.2

Machine Reliability and Checking

Digital computing systems are, by definition, insensitive to small
changes in the dimensions, electrical characteristics, or other properties
of their elementary physical components. One of the fundamental
responsibilities of the design engineer for a digital system is to examine
the tolerances of the components which he uses and to use this knowledge to create a system in which there can be no error in the computed
result arising from changes that remain within chosen tolerance limits.
Furthermore, these tolerance limits must be realistically set on the
basis of both experience and theory, so that the probabilities for error
are limited to extremely low values.
However, it is manifestly outside the bounds of economic possibility
to design circuits that never fail. The practical compromise often involves duplicating certain portions of the equipment. Also, by including error-detecting devices, most failures can be recognized and
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the otherwise damaging effects on the computed output can then be
prevented. Currently available computers differ greatly in the kind
of automatic checking provided and the degree to which reliance is
placed on such checking.
Although different applications may have quite different requirements for the reliability and accuracy of the processed data, there is
probably no application in which the control of error can be dispensed
with entirely. The man on the street may be perplexed when he hears
that it was considered necessary to proofread a recently published table
of random numbers. However, even random numbers must pass a
quality control or inspection procedure.
When, through malfunction, an error does occur in a digital system,
it may be trivial or it may be devastating. The designe!, of the hardware cannot control the importance of the digits being processed, or
the damage a fault can create. The computer engineer provides the
basic reliability that makes the system function properly almost all
the time, and he can also provide checking circuits that serve to detect almost all the faults which do occur. Those who apply the
computer and specify the procedures have the ultimate responsibility
for error control. When automatic checks are not included, then the
programming personnel must decide which possible faults should be
checked, how they should be checked, and then work out the added
coding that performs the check .

.

8.6.3

Controlling Human Mistakes

There are many developments in the data-processing field which
reduce the extent by which human mistakes can affect the input to a
computer. In scientific-data reduction, instruments may be read automatically and the digital values equivalent to those readings sent to
the computer without any human transcription intervening. As devices for reading printed numbers from bank checks and other documents become available, the opportunity to introduce wrong data
through human mistakes is decreased. Redundant typing or punching may sometimes be the only practical method for cutting down the
errors that enter from human sources.
Human mistakes can also occur in providing a computer with its
instructions. This might be just as serious as the faulty data, but it
need not be. The errors in instructions can be found by systematic
testing before actual use in. production runs. Once eliminated they
will not recur. A human clerk may be inconsistent in following instructions, but a computer is monotonously consistent.
There are also ways in which a computer can forestall and nullify
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the effect of certain types of human mistakes. An interesting example is in the handling of tapes in large data-processing applications.
We might take, for example, the merging operation discussed in Section 8.5. A number of tapes must be mounted and removed from
the machine as the merging process continues. The personnel who
handle these tapes can occasionally make a mistake.
Since the entire operation can be spoiled by one wrong tape, it is
very important to do everything possible to check that the proper
tapes are supplied for each step of the operation. Every tape should
have a visible label to guide the operator. To allow the computer
to check, each tape must also carry a label which the computer can
read. Therefore, the first information to be found on a tape should be
that needed by the computer program to determine whether this tape
is the one that should be where it is.
Tapes that contain primary data going to the computer for the
first time should have such information recorded on them as a part
of the original data preparation and recording job. For all tapes that
are themselves the output of the computer and later become input,
the labels should be automatically provided by the computer program.
Tape-labeling procedures should be deliberately incorporated into the
programming at the outset, not added as an afterthought. Each program must provide for the proper identification record on the tapes
it produces and check such identification data on the tapes it uses.
8.7
8.7.1

KIND OF SAVINGS POSSIBLE THROUGH USE OF AUTOMATIC
ELECTRONIC DATA-PROCESSING SYSTEMS
Economic Advantages Do Not Come from Speed Alone

The speed with which electronic data-processing systems operate
is often so impressive that it obscures the major business reason for
use of such equipment. . Fundamentally, the principal applications
for electronic data processing are justified by the greater useful output
per dollar invested. To be sure, the high speed of the elementary
arithmetic operations contributes to the low-cost factor. However, a
significant part of the cost reduction comes from the elimination of
human participation in the overall task-for instance, the need for
preparing and transferring~ paper records from one desk to another,
or the conveying of punched~card records from one machine to another. In some cases, several different files that had to be maintained
separately in older methods can. now be combined into a single file
which is useful for a multiplicity of purposes. Rate tables or other
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auxiliary bodies of information that were not easily made accessible
to systems employing smaller single-purpose machines are more readily
introduced into the automatic systems which have large auxiliary
storage facilities as a part of their integrated equipment.
8.7.2

Savings Come from High Reliability and
Freedom from Human Mistakes

No system is ever completely free of error, and automatic electronic
computers are certainly not trouble-free. However, the standards of
reliability that have been achieved in the field of electronic computers
far surpass those that have been customary in. previous equipment.
(The error detection circuits, which are standard in some computer
systems, make it possible to secure better estimates of reliability for
electronic equipment than any available for earlier devices.)
For example, in transcribing data to and from magnetic tape, we
may find, under certain conditions of maintenance and adjustment,
that a transcription error will occur on the average once, every 3
hours. Since 10,000' to 20,000 characters per second are' characteristic
of the tape transcription rates, this can be translated into the statement that an error occurs about once in every 100 million characters.
A similar performance for a card machine, running at 100 cards per
minute, would mean that there would be only 1 character in error during
a week of operation in which the machine operated 24 hours a day
for 7 days. Furthermore, in the instance of the electronic computer,
such errors are automatically detected and are thus prevented from
propagating to the point where their correction becomes a major task.
Moreover, the computer is unfailingly consistent in its application
of the rules of procedure. In nonautomatic systems, some cost must
always be charged to the failure of the human being to carry out in
a consistent manner the discriminations and judgments he is expected
to exercise with regard to the handling of exceptional cases. In fact,
the more monotonous and computer-like the tasks performed by the
human being, the more likely it is that the human clerk will occasionally slip up.
8.7.3

Savings Come from Improved Systems and Procedures

Before any task can be turned over to an automatic computer, that
task must be meticulously and unambiguously defined and the correct program written to direct" the computer. In those applications
where punched-card systems have been used, the care with which
procedures must be analyzed and specified is already well known.
However, electronic data-processing equipment can, because of its
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versatility, handle many applications that have never been previously
subjected to punched-card methods. In attempting to apply the electronic equipment to these broader fields of application, the necessary
systems and procedures analysis discloses weaknesses in the older procedures, which, when corrected, lead to appreciable savings and increased efficiency. Some of the indicated improvements, once discovered, can lead to savings without the introduction of electronic
equipment. However, it does seem to be true that the extremely
thoroughgoing analysis which must precede the application of electronic data processing to any task is often more successful in uncovering the areas in which improvement can be made. Some part
of the savings so effected may well be attributed to the careful and
logical methods developed out of the necessity of satisfying the
exacting demands of the electronic devices.
8.7.4 Savings by Automatic Coding
Out of the systems analysis that has just been discussed must come
a program for the computer to follow. The program must ultimately
be reduced to machine code, such as that discussed in Section 8.4.
Furthermore, this final code must be thorougly checked to make certain that the data-processing equipment is controlled exactly as it
was meant to be, and does, in fact, carry out in every detail steps that
were intended. Actually, a great deal of the labor of reducing the
original system requirements to the machine code is routine labor,
which can be executed in accordance with precise rules. Hence, such
work is in itself an example of the kind of labor that should be relegated
to the automatic computer.
"Automatic coding" is the term now used to designate the field
of computer appJication that aims to turn over to the computer itself
all the systematic and routine operations involved in translating
the general plan of operations to accomplish any specific task,
as envisaged by the systems and procedures analyst, into the final
detailed machine coding which constitutes the "running code."
A great deal of development work is going on right now in this area
of computer application. Some of the methods being devised are
intended primarily for the translation of algebraic and other mathematical equations directly into codes to be used in solving scientific
and engineering problems. Others are aimed at providing faster and
easier ways to set up codes for commercial processing operations. The
idea is to provide a library of subroutines which are sufficiently general, so that each will have many possible applications as a part of
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a larger system of operations. Putting together a large program from
a set of such library routines is called "compiling."
Through the use of "pseudo codes" and compiling systems, it is
possible for a programmer to specify exactly what he wants the computer to do, without ever having to concern himself over the detailed
coding of the parts already worked out once and for· all in the subroutines contained in the library. In fact, the notation in which he
describes the process to be carried out may be one deliberately chosen
to be most convenient to him and need not resemble the elementary
instructions of the computer in any way. The notation he has used
is then translated by a computer program into instructions directing
the computer to assemble from its library the required running program, which will then appear as an output of the translating and
compiling program.
The advantage of having such a pseudo code for the programmer to
use is, in part, that such a pseudo code may be a more natural language
for the programmer to use. A second advantage is that the information
he then has to write is considerably condensed; consequently he is
spared the labor and drudgery of the extended writing which would
otherwise be necessary. A further aspect of the use of pseudo codes is
that the programmer may more easily check to see that what he has
written is indeed what he intended to write, and such a pseudo code
therefore reduces considerably the chance of human mistakes in the
programming process. The compiling operation which follows is free
of human error. Consequently, if the final running program does not
carry out the operations as intended, hunting down the source of the
discrepancy is easier because the trouble must lie in the information
supplied by the programmer.
The importance of the savings anticipated from the developments in
automatic coding can easily be appreciated when we find that in many
of the large computer installations the budget for programming and
coding has run to hundreds of thousands of dollars per year. There
still are many installations that make no appreciable use of the existing automatic coding and compiling systems. But sufficient experience
has been gained at some installations to estimate that at least 50 per
cent of these annual costs can be saved through efficient application of
the automatic coding techniques. As the development of better automatic coding methods continues, and as the use of such methods becomes more widespread, it is to be expected that even greater savings
will accrue.
Additional savings, over and above the mere reduction in dollars
spent to produce a particular program, may sometimes be realized
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through the reduction in elapsed time from the statement of a problem
to its solution. For instance, in the case of an engineering problem,
the elapsed time from the moment a problem is proposed to the time
its solution is obtained may be more important than the precise amount
of money needed to effect that solution. By automatic coding, problems that would have required something like three weeks for the
programming time, using; nonautomatic coding methods, have been
formulated and solved within two days.
In commercial data processing, the same" situation may obtain.
From time to time, management finds it necessary to require special
reports which cannot well be anticipated. If several weeks were required to produce the code that would turn out such a report, this would
seriously impair the value of the data-processing system for management purposes. Any technique for dealing with situations of this sort
is almost sure to depend upon automatic coding.
8.7.5

Maior Savings in New Applications

The greatest savings from the application of automatic electronic
data-processing equipment are likely to come from the solution of
problems which have heretofore gone unsolved because there was no
reasonable and practical way of coping with them.
Many of the tasks now being done by punched cards or by manual
methods can be done with greater economy and dispatch with automatic data-processing equipment, but the savings in converting to
these more automatic tools will frequently be modest rather than
spectacular. This is particularly the case if we seek to do with the
automatic equipment no more than has been done by the older methods.
However, if imagination and ingenuity are applied to seek out those
tasks which become feasible for the first time with these new tools
of office automation, it is almost certain that every large organization
can find applications leading to tremendous savings. For instance,
large electronic computers make possible a new approach to the job
of factory scheduling, by methods entirely out of the question with
older equipment. Many management problems are now reducible to
variations of what is mathematically known as "linear programming."
The many variables that enter into a complex process (such as are
found in chemical and petroleum industries) have never been adequately studied to determine the proper combination of conditions for
maximum yield or maximum profit. Entirely apart from the internal
operations of a manufacturing plant, savings can be made in the cost
of transportation from plant to warehouses, and from warehouses to
other distribution points. Studies have shown that in some cases mil-
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lions of dollars per year can be saved through proper mathematical
solution of the transportation problem.
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9.1

THE NEED FOR CONVERSION

It is our purpose here to show (1) how analog-to-digital converters
fit into the picture of automation in business and industry; (2) some
fundamental characteristics of these devices; (3) the basic types, how
they are built, and where they may be obtained; and (4) some specific
examples of their use in industry.
An analog-to-digital converter is a device that is connected to conventional measuring instruments or is an integral part of their design;
it permits measurements to be expressed automatically as numbers,
i.e., digitally. The converter replaces the person who reads the scale
of the instruments and writes the results on a data pad. It is much
faster and more reliable than the person replaced, and the data is in
a convenient form for further use.
The world today is humming with activity. Millions of people are
cutting things, shaping things, mixing things, weighing them, measuring
them, and selling them. The purpose of all this activity is to produce
251
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returns for the individual in goods, in money, and in knowledge. This
tremendous creative activity must continually be monitored. Stock
must be taken of what is going on so that each individual can be rewarded according to his fair share of the contribution. The human
memory is obviously not sufficient to keep track of all of this activity,
and accurate, permanent records must be maintained on a continuous
basis.
Furthermore, in the field of scientific research, millions of measurements must be made to find out what is going on, and a structure
of complex computations must be built on this foundation in order to
reach forward and provide progress based on experience and understanding. This is our particular method of operation as compared
with creatures, for example, which evolve apparently without understanding.
If the accounting and the calculating are to keep track of the building and experimenting, it is evident that a tremendous wealth of information has to flow between these two camps, and this means a busy
thoroughfare of conversion between the language of one (digital) and
the language of the other (analog).
Size, weight, temperature, pressure, lapse of time, all these things in
their original form are in the analog language. 'The monitoring, the
recording, the accounting, the computing" and recently the controlling,
or at least a part of it, use their own digital language. The two camps
have existed for a long while. It is the increasing activity in each
one and the tremendous increase in traffic between the two that are
new.
In the old general store there were gunny sacks of coffee and there
were' ledgers, and every once in a while a pound of coffee would give
way and its equivalent number of cents would appear on the ledger.
The storekeeper, when he was not playing the role of analog-digital converter, had plenty of time to gossip by the stove.
The stoker in the boiler room, when he was not shoveling coal, would
take an occasional reading of the pressure gage and jot it down for
the benefit of the young boss who was all for this new "scientific" approach. Contrast this with the tempo today. A thousand thermocouples on an atomic pile are being quizzed dozens of times a minute by
a machine with a mania for consuming numbers.
A supersonic fighter streaks across the sky, with every part of its
stubby wings fighting against the mounting pressures and temperatures.
Engineers on the ground are clamoring for more and more measurements to greater and greater accuracy in less and less time.
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Tens of thousands of people are dashing madly in and out of stores
whisking up premixed, prepackaged, oftentimes dehydrated or reconstituted foods, while the accounting department must maintain complete control from the raw material to the final inventory.
And partly here, partly on the drafting board, and partly in the designers' imagination is the automatic factory. Sparked by new concepts of factory organization, by special product designs, and by the
expanded use of automatic control, this scheme of production promises
a new order of magnitude in output. It also very humanly promises
to relieve workers of their responsibility for making and executing irksome and tedious routine decisions. This requires tremendous amounts
of data. The parameters and performance of the processes must' be
monitored and the data transmitted remotely to central control stations. Some must also be transmitted to the office for use in inventory
control, payroll computation, maintenance forecasting, cost accounting,
and the like.
Data of itself is of no use unless it can be resolved quickly so that
appropriate decisions can be made as a result of it .. The digital computer and its various counterparts in the business field allow such
decisions to be made quickly. For this reason, it is advantageous to
convert measurements to the digital form. There are other reasons too, .
accurate electrical transmission and convenient and compact storage
with rapid access being foremost.
Given the tremendous expansion in the need for data, the vastly increased tempo of modern commercial and industrial activity, and the
advantages of dealing with numbers in the digital form, it is necessary
to have devices for reading instruments automatically at high speeds
and for providing the results as numbers. The analog-to-digital converter satisfies this need.
9.2

SOME FUNDAMENTALS OF ANALOG-TO-DIGITAL CONVERTERS

We have stated that an analog-to-digital converter is essentially a
device for presenting the result of a measurement as a number. Measuring instruments are built around a convenient physical effect which
will produce a response analogous to the parameter we wish to measure.
For example, the fact that a wire carrying current can be moved by
a magnetic field is the basis of our electrical instruments. This effect
combined with clever linkages moves a pointer across a graduated
scale. The movement of the pointer is an analog-the observer, in
reading the scale and recording the number, performs an analog-todigital conversion. The converters we are discussing do the same thing
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automatically and they do it faster, cheaper, and more reliably. It
is possible to handle a large variety of parameters-temperature, pressure, pH, flow, voltage, current, color, weight, time, frequency, and
almost any others of interest. Not that converters have been or will
be developed for all of these, but it is possible to interpose transducers
that will transpose any of them into, say, angular position, voltage, or
time or frequency for which converters have been designed.
The designs of these converters are patterned after the processes an
observer might follow in making a measurement, i.e., they count, they
compare, or they read. It can be argued that the latter two are versions of the first with conveniences added. This is true, but the
classification is still convenient. As an example, the conventional meter
stick requires both reading and counting. The centimeter divisions
are all marked and are read off, but the millimeter divisions between
the centimeter must be counted. The best example of the comparing
process is in bridge measurements where a galvanometer is made to read
zero and thus indicate equality by the addition of known values to one
arm of the bridge.
The converter must also do one thing that a human reader does
almost unconsciously. It must make a decision about the nearest division on a scale.
9.3

SPECIFICATION OF CONVERSION UNITS

It is worth while listing and describing the characteristics of converters which are of primary interest to the user. Among these are
the analog input, the range of input, the sampling' rate, the number
of channels, the type of read-out, the base of the number system, and
the number of digits.
9.3.1

Analog Input

The analog input refers specifically to the parameter a converter is
designed to measure. The most convenient parameters from a design
point of view have been voltage, angular position, and time or frequency. Fortunately, these parameters can form the basis for complete systems whereby any of the parameters of a manufacturing
process can be transformed readily to these.
There are many instruments whose final indication is produced by a
voltage moving the pointer on a meter. This is true of the thermocouple for measuring temperature, for the photosensitive cells for
measuring radiation, for the pH meters which measure acidity, for
the strain gages used extensively in material testing and conceivably
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forming part of pressure measuring instruments, and many others.
Also, a large number of instruments rely for final indication on a turning shaft deflecting a pointer. Therefore, it is not too big a jump to
fit conventional instruments into converters already designed.
9.3.2

Range

Since the converters are basically measuring instruments, they. share
the problem of having proper ranges. As in the conventional measuring instruments, this problem is handled by providing multiple ranges,
usually through analog arithmetic operations on the input. For example, on electrical devices, shunts and pads are provided; and on
mechanical devices, different sets of gears.
9.3.3

Sampling Rate

One feature of handling data in the digital form is that we deal
with a finite set of discrete values as numbers rather than with continuous values as on a curve of a graph. The parameters of primary
interest to us vary with time. We recognize intuitively that we do
not need to know the value of the function at every instant of time in
order to make intelligent decisions about it. For example, when we
drive a car, we look at instruments at intervals rather than continuously. Also, when we plot graphs, we are satisfied in connecting discrete points with smooth curves. The faster the parameter varies, the
more frequently we sample its value in order to feel that the data
represent the function. These intuitive feelings can be dealt with
mathematically and a sampling rate assigned according to the bandwidth (1) occupied by the parameter or according to the accuracy demanded of the approximation (2). In general, the faster the parameter
varies and the more accurately it must be approximated, the more frequently it must be sampled. Most decisions on this can be made
empirically by experienced plant engineers,
, without resorting to more
elegant methods.
9.3.4

Number of Channels

It is not always necessary to devote a converter to a specific instrument. Instead, many instruments may be fed into one converter and
the output of each sampled in turn in a cyclical fashion. This is nothing
more than a mechanization of the process whereby a human operator
with a data pad made a tour of a plant writing down the indications
of the instruments. The automatic process is more efficient and permits current and complete knowledge.
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The number of channels refers, of course, to the number of instruments feeding into the converter. For most applications, a simple
commutator of many segments is all that is needed for this timesharing idea. Should rapid sampling rates be needed, electronic comrrmtators are available or can be designed to handle almost any need.
In still other cases, the sampling sequence and rate can be controlled
at will by a program stored in an associated digital computer.
9.3.5 Type of Read-out
It is in the read-out that the big advantage in the use of analog-

to-digital converters ove!' manual methods is realized. The output
in numbers can be in a form that is usable directly for transmission or
computation, or for typing on prepared forms. Common methods
include the card and tape punches for the slower speeds and magnetic
recording for higher speeds. These methods also provide for compact
storage with fairly rapid automatic access. The numbers could also
be fed directly into a digital computer and used immediately, or they
could be stored in magnetic-core registers which give very fast random
access.
9.3.6. Number System

Automatic reading of· instruments and automatic handling of data
bring up the question of what number system to use. This rarely
comes up specifically when manual methods are used. It is convenient from an equipment standpoint to use the binary system in
many data-handling systems, particularly in the digital computer.
It saves equipment and the equipment is simpler. The binary system, however, is difficult to read and is not as compact as the decimal
system. Converters have been built to read out in both systems, and
also in modifications of the systems.
One of these modification~ is the binary-coded decimal. This consists essentially of coding each digit of the decimal number in the
binary form. For example, the number 1956 is written 0001 1001 0101
0110. This retains, to some extent, the easy-reading feature of the
decimal scheme and yet permits arithmetic to be performed very nearly
as simply as in the straight binary scheme.
Another modification of the binary system which has none of these
advantages but does have an advantage in design of converters is the
reflected binary code (also called modified code or cyclical code).
This is just a permutation of the binary code which has the property
that only one digit changes from zero to one or one to zero in going
I
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from one number to an adjacent number. Further details and applications can be found in the literature (see Table 9.1 and references 3
and 4).
Table 9.1

Comparison of the Conventional Binary and Modified Binary
Codes
Decimal
Number

Conventional
Binary

Modified
Binary

a

0000
0001
0010
0011
0100
0101
0110
0111
1000

0000
0001
0011
0010
0110
0111
0101
0100
1100

1
2

3
4
5

6
7
8

9.3.7 Number of Digits
The number of digits affects the precision with which a measurement is expressed. A high degree of precision is not required unless
the accuracy of the measurement is consistent with it. Much of the
instrumentation in manufacturing processes is accurate to, say, no
better than 2 per cent of full scale. Two decimal digits (0-99) or
six binary digits (0-63) represent sufficient precision for this accuracy.
If greater accuracy is needed, the number of digits can be increased to
match it. In certain counters for measurement of time, as many as
five decimal digits are used. An advantage of dealing with numbers
is that the accuracy of measurement can be retained through transmission and data processing.
9.4

SOME TYPICAL EXAMPLES OF ANALOG-TO-DIGITAL
CONVERTERS

So far we have been talking about converters very generally. It
is worthwhile now to show some specific examples, so that the reader
can get a clearer idea of these devices and also see the tremendous range
of characteristics obtainable from quite different techniques. The
converters have already been applied to such diverse fields as graphicrecord analysis where relatively slow sampling rates suffice, to the
communication applications where sampling rates are very, very high.
The former field can use relatively simple mechanical methods, but
the latter must rely on the fastest electronic methods. It is quite
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possible that automation may be able to borrow most from those
techniques with slow sampling speeds. However, it may be more
advantageous in many cases to use fewer converters of many channels
on a time division basis. This would require sampling rates that could
be satisfied only by electronic means. For this reason, we are illustrating some schemes which may not now be particularly appropriate
but may become so in the future. In any case, they help to show
more clearly the workings of these converters and may stimulate newer
and better ideas. It is convenient again to break them down into three
classes: those that count, those that compare, and those that read.
9.4.1

Converters That Count

A familiar device which qualifies as a primitive analog-to-digital
converter is the Veeder-Root counter. This is essentially a device
which counts revolutions of a shaft and indicates the answer on a decimal digital scale. With simple linkages it can be applied to other parameters, and we find them used on clocks for time, on gasoline pumps
for volume measure, and on kilowatt-hour meters for electrical energy.
Although the result must be read by someone, it is easy to see that
electrical closures could be included which would permit reading and
recording on cards or type.
The Veeder-Root counter is strictly a mechanical device and is
limited to a relatively slow counting rate. The electronic counter,
which is quite similar in principle, can count at extremely high rates
on the order of 1,000,000 counts per second. When it is combined
with an accurate crystal oscillator, it is very useful for measuring time
intervals. This is shown in Fig. 9.1a. A start pulse and a stop pulse
defining the beginning and the end of a time interval are fed into an
electronic gate. The start pulse opens the gate and allows pulses
generated by the crystal oscillator to be fed to the electronic counter.
The answer appears in glowing neon lights on the counter, or on 'other
read-out equipment. Also, by supplying an accurate time interval,
an unknown frequency can be measured in place of the crystal oscillator
frequency. These devices are being made as production items by many
companies. The oldest in the field are the Hewlett-Packard Company, the Potter Instrument Company, and Berkeley Scientific Corporation.
It is possible to convert an analog voltage to a time interval, and
thus the scheme just described can be used for a wide variety of
parameters that can be transformed to voltages. One method for doing
this is shown in Fig. 9.1b. " A timing generator produces a start pulse
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and also initiates a ramp voltage which is compared with the unknown voltage. When the two are equal, a stop pulse is produced.
Other devices in this class are used for measurement of shaft rotation. They make use of index marks on a disc attached to the shaft.
These marks may be holes in the disc, or serrations on the rim, or
locally magnetized spots on the face. Optical or magnetic means
are used for detecting the passage of the marks. Fairly elaborate conCOljnter
and
indicator

Electronic gate

Pulse
former

Crystal
oscillator
(a)

Analog
voltage
input

Comparator I-------------~ Stop pulse
Start pulse

(b)

Fig. 9.1 (a) Counter-type converter for time intervals; (b) arrangement for
transforming an analog voltage input to a time interval

trol arrangements are required in these schemes, however. These are
marketed by Engineering Research Associates, Telecomputing Corporation, and others.
9.4.2

Converters That Compare

,Converters that compare resemble self-balancing-type potentiometers and other servomechanism-type devices. They contain an errorsensing device which tells when the unknown value is equal to the
known value.
One multichannel device made by Consolidated Electrodynamics
Corporation and used in the data reduction field is a self-balancing
potentiometer. The conventional slide wire is replaced by three
groups of calibrated resistors with ten resistors in each group. These
groups represent the digits of a three-digit decimal number. Three
servo-controlled stepping switches sweep through these groups of
resistors. The switches act until a voltage equal to the unknown
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input voltage is produced, as indicated by an error-sensing device .
. Digital contact closures are provided to actuate conventional read-out
equipment.
Another devic~, which uses electronic switches rather than relays,
is shown in Fig. 9.2. This is a servomechanism-type arrangement in
which the reading of the counter is compared to the unknown input.
If there is a difference between the two, the error signal opens a
, gate, allowing pulses from a generator to feed into the electronic
Negative feedback

Digital-to-analog
con,verter

Pulse
oscillator

Error

Amplifier

Gate

Counter

OUTPUT

INPUT

Fig. 9.2 Comparison-type converter for voltage inputs; comparison is obtained
by advancing counter one unit at a time until no error is indicated

counter. A digital-to-analog converter transforms the numbers in
the counter into a negative feedback voltage proportional to the
number. When this voltage agrees with the input voltage, the gate
closes and the counter stops. The counter must be able to count
down as well as up. The direction is determined by the sign of the
error. It should be noted that the comparison is obtained by introducing a count of one unit at a time.
Another comparing-type converter is shown in Fig. 9.3. It is electronic but differs from the preceding one in that the comparison is
brought on by starting with the highest-value digit rather than the
units. digit. The input voltage is sampled and the sample is stored
on a capacitor. Assuming the result is to be expressed as a sevendigit binary number or as 1 part in 128, the sequence of operations
is· as follows. The voltage on the capacitor is first compared with a
known voltage of 64 units. If it is larger, .an output pulse representing
the first digit of the number is generated, and at the same time 64
.,

ANALOG-TO-DIGITAL CONVERSION UNITS

261

units are subtracted from the capacitor. If it is smaller, no pulse is
generated and no subtraction takes place. The capacitor voltage is
then compared with known voltages of 32 units, 16 units, 8 units,
4 units, 2 units, and 1 unit in turn, and the same sequence is followed.
This method of comparison is more economical in time than the previous one. A converter of this type was used on one of the first
pulse-code modulation systems (6) and provided sampling rates of
8000 a second.

Subtraction
circuit

Digit
value
generator

Fig. 9.3 Comparison-type converter for voltage inputs in which unknown is compared with successions of digit values starting with the highest

9.4.3

Converters That Read

It is convenient in many cases to transform the parameter to be
measured to an indication that will permit a number to be directly associated with the indication.
Consider, for example, the commutation arrangement shown in
Fig. 9.4. Here, not much transforming is required because the input
is an angular position. The input drives a brush on its own shaft
and also drives two other brushes on shafts geared down in ratios of
10:1 and 100:1, as shown. Each brush is in contact with a commutator of 10 segments; each commutator represents. a digit of a three-digit
decimal number. The segments can be connected to the usual machine
read-out equipment. More commutators could be geared together
to give more digits. Although simple in concept, this scheme is
more difficult to realize in practice. The brushes and the segments,
and the insulation between the segments, are of finite size. This
makes it possible for the brush to straddle more than two bars if
it is large, or to lie in between two bars if it is small. Either one is a
source of ambiguity in the result. A number of different schemes
have been used to eliminate this difficulty. One scheme interposes a
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relay control (7) system which favors the lower number until the
brush has moved completely off the lowest-order bar representing
that number. Other devices make use of star wheels or other mechanical arrangements to position the brushes properly without ambiguity either continually or during read-out. Some companies making
mechanical-type converters are Cox and Stevens Aircraft Corporation,
Streeter Amet Corporation, Taller and Cooper, Benson-Lehner Corporation, and Genisco, Incorporated.
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Fig.9.4 Direct-reading converter for angular shaft position; decimal commutator

Another ingenious example (8) is shown in Fig. 9.5. This is also
meant for an input of angular position but its output is read optically.
It consists of a transparent disc mounted on the shaft which is to
be monitored. The disc is divided into a number of sections which
give the desired precision. Each sector is then coded radially in
opaque and clear areas corre~ponding to the reflected binary code.
Facing the disc is a narrow slit. Behind the slit is a row of photocells,
one for each digit of the number. The cells are excited by a light source
on the other side of the disc, providing an opaque area is not interposed. Here a straddling of two numbers is also possible, but the
"reflected" code can be in error by at most only one unit distance,
i.e., the proper number can be mistaken only for one adjacent to it.
This device and the preceding one could be coupled directly to the
servomotor of conventional bridge-balancing-type instruments. Thi~
means that a whole realm of process parameters could be very conveniently converted to digital form. The G. M. Giannini and Company, Inc., has announced the manufacture of this type of device.
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The third example (9, 10) of this group is shown in Fig. 9.6. Here
a preliminary transformation is required because the input is voltage.
This is converted to a deflection in a modified cathode-ray tube. The

Disc

Shaft

Light

lili
12

3

11

4

------

source~

II

~~

Photocells

~Slit

Modified, reflected, or
cyclical binary code

Fig. 9.5 Direct-reading converter for angular shaft position; binary-coded disc

unknown voltage on one pair of plates deflects the beam vertically,
according to the voltage present. A sweep voltage then moves the beam
across a mask which contains openings corresponding to the binary
I

Input voltage

Beam feedback voltage
Amplifier
two

Fig. 9.6 Direct-reading converter for voltage inputs; modified cathode-ray tube
and binary-coded mask for electron beam

number for each position. The reflected code can be used to eliminate
ambiguity, or a system of quantizing grid wires can be built into the
tube to accomplish the same result for the straight binary code. A
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serial output is obtained and the results can be fed to shift registers or
...to tape. Parallel output can also be obtained by using a fan-shaped
beam and breaking the target plate up into elements corresponding to
the number of digits in the number. This is a very fast converter and
has been used successfully in coding the video signal of television.
The examples described should give a rough idea of the principles
used in the design of these devices and may suggest others. The most
common input to these devices are angular position, voltage, frequency,
and time. These were good choices because transducers are avail~
able to transform most of the interesting parameters to these. A wide
range of sampling rates has been obtained. The slowest are those requiring manual resetting, i.e., those that put out a number when
someone presses a button. Others operate at the relatively slow speeds
of 10 through 100 samples a second. Extreme rates of 8000 samples
per second and above are secured in those devices meant for pulse-code
modulation in telephone and tel~vision systems.
.
Multichannel operation is quite common, with the number of channels varying from 10 to 100. Many companies are now engaged in
supplying converters. In Section 9.8, Appendix, they are listed with
their addresses, so that the reader will be able to refer requests for
more detailed information to the particular companies.
9.5
9.5.1

SOME SPECIFIC EXAMPLES OF THE USE OF
ANALOG-TO-DIGITAL CONVERTERS

Problem: Time Recording

One of the oldest examples of analog-digital conversion is that of
converting time-the length of time a person has worked, for example,
converted into units of pay. Time is strictly an analog value whereas
dollar bills arc measured by counting. The problem is one of establishing a time standard, making measurements in relation to the standard,
and at any required instant recording the time, in the digital language
of the accounting department.
Manual solution. In the manual solution the escapement of a
spring-driven clock or the frequency standard of a power station in
the case of the electric clock provides the standard. The hands on the
face of the clock present an analog display of the accumulated total,
and the dial provides a scale against which a human being can compare and read the total. In reading the time to write down on
his time card, the man first notes in digital form the major divisions
on the dial nearest to the hands of the clock; then he interpolates
I
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the position of the hand between these two numerical marking posts.
He stores this information momentarily while he hunts for his pencil
and writes the number down on his time card.
Automated solution. In an industrial time clock, a man slips his
card into a slot and the time is printed automatically. In operation,
the cl,ock is really a pulse accumulator. It receives impulses every
minute and accumulates them through a gear train system. A mechanical detent takes the responsibility for the final alignment of the
print wheels which are driven by the gears. This system is essentially
a Veeder-Root counter.
9.5.2

Problem: Monitoring Oil Storage Tanks

Oil storage tanks are dotted all over a group of hills in the most
inconvenient places. It is important to know at least once a day and
preferably twice a day what the oil level is so that the people who are
concerned with productivity can keep track of what is going on.
Manual solution. In most oil fields the human analog-digital converter is still used today. He wears rubber boots in wet weather and
a sun helmet in hot weather and trudges from tank to tank on his
daily rounds, writing down the height against a scale of a ball hanging on a piece of cord which is attached, by means of a pulley, to a
float on the surface of the oil.
Automated solution. Here we have a mechanical displacement in
the form of a float-operated cable. This can readily be passed ove!
a drum, and on the drum can be attached a commutator-type converter like the one shown in Fig. 9.4 or the disc type shown
in Fig. 9.5 A similar unit can be placed on each of the other reservoirs
in the field, and then each unit can be connected electrically to a central tabulating unit in the office. The converters can be read out on
demand by the operator pressing a button, or they can be triggered
by a clock to read automatically at certain times. There are, of
course, many variations of the details. For example, a two-wire telephone system could be used with a scanning device reading the numbers
sequentially, or a multiple-wire system can be used with no scanner.
At the office end, a typewriter can do the logging or the oil-level information can be fed directly to punch cards or punch tape.
9.5.3 . Problem: Seismographic Work

Seismographs are busy in the field collecting information with a
geophysical' exploration crew. There is, of course, quite a high motivation to find out where the oil deposits lie. However, the data will
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need a lot of processing before the information it contains can be
broken loose.
Manual solution. In the majority of cases the information is still
recorded on oscillographs. Later the record is studied manually,
measurements are made on it, and decisions are made on the basis' of
the measurements.
Automated solution. More and more of the work in connection
with seismographic exploration is being processed on large digital
computers. This involves converting the seismographic information
into the digital computer's language. An entirely different form of
analog-digital conversion is involved as compared with the previous
examples. The information as it is received from the geophones is in
electrical form. If the subsequent processing is to be entirely automatic, it has to be recorded in a form that is easy and convenient to
play back. For this reason it is being converted into a frequencymodulated form and recorded on magnetic tape. A converter like the
one shown in Fig. 9.1a can pick up the information from there and, by
counting out the cycles in precise short time spans, convert it to digital
form and load it into a computer.
9.5.4

Problem: Analysis of Graphic Records

Tens of thousands of feet of records are daily pouring out of oscillographs, pens, not, to, mention high-speed motion cameras and ballistic
cameras. In the majority of cases these data are in the raw form.
The displacements have to be measured, often simple computations
such as additions and multiplications have to be applied, and the
data have to be tabulated or fed into a computer.
Manual solution. Although this job has been extensively mechanized, there still remain installations where girls hover over endless
rolls of oscillographic records, looking at the mysteries of scores of
crisscrossing lines and judging their positions in relation to hand
scales. ,Usually each girl has a companion who busily writes down
the numbers as she calls them out. This job involves some interpretations, a great deal of analog-digital conversion, and extensive recording.
Automated solution. Inasmuch as the majority of records are complex and the human being is more economical in the actual interpretation than is an automatic machine, the problem involves placing a convenient pointer or reference line in the operator's hands and then
automatically converting the displacement into digital form. We
can handle this two ways, depending on the details of the problem.
A mechanical converter such as that of Fig. 9.4 or Fig. 9.5 can be
attached to the reading reference line by a cable and drum arrange-
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ment. The linear motion is now converted to a· rotary motion and
is available for the commutator to convert to digits. If we want to
doa certain amount of simple analog computation on the data which
does not require the complexity of a computer, we can use an analog
transducer, a potentiometer, to convert the mechanical displacement
to a resistance value. With a simple bridge circuit we can add and
subtract, mUltiply and divide, and now we can take our modified information in electrical form, ending up as a voltage, and convert it
to a number with devices like those shown in Figs. 9.1, 9.2, 9.3, and 9.6.
9.5.5 Problem: Proc!ess Control Logging
Thermocouples, pressure transducers, and other instruments are
spotted around the crucial points of a chemical processing plant. There
is a need for continual logging of the overall operation to provide general information on performance and also to indicate deviations from
predetermined limits. There is also a separate growing need which
stems from the fact that engineers are forging ahead with plans for
automatic plant control. They would like to be able to connect a
digital computer to the whole system. This requires a very fluent
conversation from the instruments to the computer and from the computer back to the implementers, with a large part of this conversation
in digital form.
Manual solution. To consider just the logging part of the problem,
the information is normally displayed by manometers, on dials, strip
chart recorders, and other instruments. Here the human being must
perform analog-digital conversion. He walks down the line taking
readings from all the relevant instruments as accurately as he can
and with as short a time delay as possible between the readings.
However, the sampling rate has a fundamental speed limitation when
the information is being routed through a human being in this way.
Automated solution .. The majority of ourquantities to be measured
are in electrical form, and those that are mechanical displacement can
quite cheaply be converted to electrical values by potentiometers. If
we were starting from scratch we could route all of this information
through a converter line (Figs. 9.1, 9.2, 9.3, and 9.6), sharing it in turn
with all instruments, just as the human analog-digital converter shares
himself in turn with all instruments. However, for the sake of description, let us assume that we already have many self-balancing
potentiometers such as the Bristol, Brown, and Leeds & Northrup instruments. We can attach angular-position converters like those of
Figs. 9.4 and 9.5 onto the servomotor to form an electromechanical
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system. This has the possible advantage of making use of the existing
instruments with which the crew are already familiar and of maintaining the customary dials. This approach also provides for simultaneous parallel output from several channels, although these benefits
are lost if the information is then fed to a serial recorder such as a
typewriter. These are but examples of factors that come into the
choice of systems. There are, of course, many others.
9.6

CONTROL APPLICATIONS

Similar examples of the use of converters can be expected to multiply
rapidly in the future. Beyond this, however, are oth~r exciting prospects for their use, particularly in those control applications where the
digital computer is made an integral part of a process. The computer
will make many routine decisions based on the incoming data and a
programmed criterion of performance. These applications are, for the
most part, still largely in the future, but already two very interesting
illustrative problems have been explored.
The first (11) deals with the flight control of an airplane responding
to fire control signals. The second (12) is concerned with control of
the airplane for navigation from loran-type signals. Both represent
examples of fairly difficult process control, because a number of parameters must be monitored, and fairly complicated equations must
be solved. Also, the final equipment must be consistent in size and
weight with aircraft use. The analog-to-digital converters in the
first example were similar to those of Fig. 9.5. The original parameters
transferred to a shaft rotation were pitch, pitch rate, altitude, and
other aerodynamic terms, plus others like mass, Mach number, and
control surface positions. The computer converted the reflected binary
code into conventional binary before performing computations; the
computer also smoothed much of the data statistically.
The parameters converted to digital form in the second example, the
Digitac system, are altitude, heading, air speed, and time. The time
is expressed digitally to a precision of 1 part in 30,000. These are all
manipulated in the computer and an output is fed to the autopilot.
The aircraft could be successfully navigated by these means to go
through several check points on a given route.
These two examples show very vividly the possibilities for a manufacturing process, because not many processes would require such close
control, and none would be subject to such severe limitation on size and
weight.
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DOES THIS FACET OF AUTOMATION APPLY TO ME?

The decision of whether to automate or not is purely an economic
one. How long will the automatic system and its ramifications take
to pay for themselves in comparison with manual methods? This much
is simple, but what is more difficult is establishing the criteria for
evaluating savings and increased productivity. There are a very
large number of factors depending on the particular situation, a few
of which are as follows:
(1) Saving in labor costs.
(2) Saving in input and output equipment connected with human
beings.
(3) Increased security in the operation from greater speed and from
greater accuracy.
(4) Increased' productivity in the operation from the same factors,
i.e., speed and accuracy.
(5) The opportunity to undertake new types of operations based
on the capabilities of the automatic system.
However, we must have a representative manual and an equivalent
automatic system in order to make these sorts of comparisons. To
arrive at the automatic system, it is very important not to start
off with any particular converters or units in mind but to layout what
fundamentally has to 'go into one end' of the system and what is
basically required at the other end of the system. The trick is then
to connect these two with the very least number of elements in between.
We have to consider the number of different inputs into the system,
what type they will be, and where the sources of information have to be
located. We have to consider the required accuracy and required
speed. At the other end of the system we have to exercise great care
in considering storage, recording,' and display elements to make sure
that they are designed to do as complete a job as possible in helping
either the automatic machine or the human being to make a decision.
Only when the requirements of the system have been laid out can we
begin to consider components.
When the chain of elements has been built up, it is a good idea to
ask ourselves, "If this whole system were built, what would be the
weakest link?" This can, of course, create a problem of how to bypass
the weak element, but it is a lot better to meet and solve these problemsat the thinking stage rather than at the doing stage.
Finally, it is a very good thing to sit back and make sure that we
have not evolved a very good solution of a problem that did not really
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exist in the first place. In laying out a process it is very easy to design
a measuring system to feed a converter to supply information to a
computer which will instruct implementers to meet requirementswhich could have been avoided in the first place!
9.8

APPENDIX: SOME MANUFACTURERS OF
ANALOG·TO·DIGITAL CONVERTERS

Atomic Instrument Company
Cambridge, Massachusetts
The Austin Company
New York, New York
Beckman Instruments, Inc.
Fullerton, California
Bell Telephone Laboratories
Murray Hill, New Jersey
Bendix Aviation Corporation
Pacific Division
North Hollywood, California
Benson-Lehner Corporation
West Los Angeles, California
Berkeley Division, Beckman Instruments, Inc.
Richmond, California
Bristol Company
Waterbury, Connecticut
Brown Instruments Division
, Minnea polis-Honeywell
Philadelphia, Pennsylvania
Coleman Engineering Company
Los Angeles, California
Consolidated Electrodynamics
Corpora tion
Pasadena, California
Dayton Instruments, Inc.
Dayton, Ohio
Electro-Instruments
San Diego, California
Engineering Research Association
St. Paul, Minnesota
Epsco, Inc.
Boston, Massachusetts

Fischer & Porter Company
Hatboro, Pennsylvania
Genisco, Inc.
Los Angeles, California
G. M. Giannini and Company,
Inc.
Pasadena, California
Hanson-Gorrill-Brian, Inc.
Glen Cove, New York
Helipot Corporation
Division of Beckman Instruments, Inc.
Pasadena, California
Hewlett-Packard Company
Palo Alto, California
Kearfott Company, Inc.
New York, New York
Kellogg Switchboard & Supply
Company
Chicago, Illinois
Leeds & Northrup Company
Philadelphia, Pennsylvania
Librascope, Inc.
Glendale, California
Arthur D. Little, Inc.
Cambridge, Massachusetts
Minnesota Electronics Corporation
St. Paul, Minnesota
F. L. Moseley Company
Pasadena, California
Non-Linear Systems, Inc.
Del Mar, California
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Oerlikon Tool & Arms Corporation
Asheville, North Carolina
P,otter Instrument Company
Great Neck, New York
J. B. Rea Company
West Los Angeles, California
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Streeter-Amet Corporation
Chicago, Illinois
Taller & Cooper
Brooklyn, New York
Telecomputing Corporation
North Hollywood, California
Victor Adding Machine Company
Chicago, Illinois
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Input-Output EquiplDent

WALTER F. BAUER
The Ramo-Wooldridge Corporation
Los Angeles, California

10.1

INTRODUCTION AND HISTORY

Input-output equipment for the modern digital computer provides
the means of communication between the machine and its users. This
equipment, together with the control panel, forms the "sensory organs" of the computer through which information entering or leaving
the computer must pass. The importance of speed and reliability
cannot be overemphasized. The situation with regard to speed can
be likened to the jet aircraft which becomes ineffective as a means of
transportation because the average airport runways are too short
for landing. As for reliability, it is easy to imagine the reduction
in effectiveness of a scientist with poor eyesight who, although intelligent and quick-witted, can read at the rate of only one word in
ten seconds and with a high frequency of mistaking various words for
others.
Input-output equipment is defined as the equipment used to get
information into and out of the internal components of the computer,
usually the high-speed memory. A category of equipments very.closely
associated with input-output equipment, but strictly not of that type,
is the category known as "off-line" equipment. This means that the
equipment is not directly connected to the computer, for example a
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printer that operates from information on a magnetic tape, the tape
having served previously as an output medium for the computer.
This equipment is alternatively called "auxiliary" or "peripheral" and
is used to transfer information from one medium to another external
to the computer. In some cases equipment may be used in either
role-input-output (on-line) or off-line operation.
Historically, the development of input-output equipment, usually
of an electromechanical character, lagged behind the development of
the electronic computer proper. In the period 1946-1950, when most
of the first stored-program computer systems were planned, it was
difficult to foresee the need for scientific computer output at the
present-day rates of 2000 words per second and higher. Also, extensive commercial applications with their great demands on input-output
systems seemed more than ten years away. Hence, although the objectives in the development of input-output equipment have been speed
and reliability, only in recent years has sizable effort been expended in
those directions.
In Chapter 8 the terms "computer-limited" and "input-outputlimited" are defined, with reference to the speed at which a computer
system solves problems or performs data processing. When a system
is computer-limited with respect to a problem, the computer internal
speed is the limiting factor, and no substantial savings in time would
be obtained by speeding up the input-output process. When the system is input-output limited, the situation is reversed. Generally,
scientific problems with their heavy demand on arithmetic speeds are
computer-limited, whereas the business data-processing problems are
input-output limited.
There is a rapidly increasing awareness, however, that the inputoutput requirements for the scientific computer are not as easily met
as had been first estimated. Activity in two areas is the cause: automatic programming (or coding) and the extensive use of the computer in data reduction. The development of automatic programming
implies systematizing certain clerical procedures so that they can
be performed quickly by the computer rather than slowly by the programmer, with economy favoring the computer. In the light of the
shortage of computer applications personnel, automatic programming
looms as an extremely important development. Automatic program
compilation and code checking in automatic programming places heavy
demands on input-output. With most computers used for scientific
purposes, upward of 35 per cent of the time is used in code checking,
which involves the input and output of vast amounts of data. The
other activity, data reduction, involves the handling of the large
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amount of engineering data from test runs in missile, aircraft, and
other industrial development work. Radio telemeter data from the
craft itself, ground radars, and ground optical instruments amount to
millions of recorded points for one missile or' aircraft test. A large
fr~ction of this data must be read into a computer for calibration and
. analysis.
.
From humble beginnings in 1950-1951, when computer input-output
consisted of only Teletype equipment operating at about 10 characters
per second or less, the modern computer has emerged with many dif-

Fig. 10.1 IBM-704 computer system

ferent devices operating at speeds up to 15,000 characters per second.
The IBM-704 is such a computer (Fig. 10.1). This computer has the
following input-output devices: punched-card and magnetic-tape input; punched-card, line printer, cathode-ray tube, magnetic-tape output; and card-to-tape-to-card equipments. All of these devices will
be discussed in this chapter.
The SEAC (Standards Eastern Automatic Computer) is generally
considered to be the first operating stored-program computer. Approximately 20 minutes was required to fill SEAC's 512-word memory
with the Teletype equipment first used. During this 20 minutes the
computer was inhibited from performing any of the million or more
arithmetic operations which could have been performed. An important
step in the development of input-output equipment was that made at
the Bureau of Standards when a magnetic-wire input-output dumper
system was added to that computer's facilitieS'. Although the speeds
are not high by today's standards, the ability to transfer data in and
out of the computer· at a rate of about 50 words per second was a
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significant achievement in 1951. In this development a commercially
available office-dictating unit was adapted for use. A length of wire
was contained in a cartridge, and mounting and dismounting the wire
during operations amounted to a simple snap-in and release to
establish a level of convenience seldom seen in modern equipments.
Because multichannel recording on magnetic wire was impossible and
because the wire was vulnerable to breakage, the system was not
adopted by other computing installations.
Another important step in the development of input-output devices
was the use of magnetic tapes with the UNIVAC computer, the first
of which was delivered in 1951. The 60-word input-output buffers of
the UNIVAC, the first buffer system to appear, allowed a highly
efficient use of the magnetic tapes as input-output devices and auxiliary
storage. The concept of a buffer is explained below.
Reliability has always been a problem. With most computing systems;' over half the down time is caused by input-output failures.
Paralleling the increase in speed, reliability has increased greatly over
the years. Probably the greatest motivation for increased speed and
reliability has been the use of computers for business applications.
Potential customers for business data processing have insisted that
reliability be kept at a high level and have given as very compelling
reasons the irritated employee who receives an incorrect salary.'check
and the irate customer who receives an incorrect billing.
The lack of redundance in the form of information handled in
automatic systems often implies that an entire set of calculations is
invalidated when one character is incorrectly read. The message
in a telegram is not rendered incomprehensible by such an error,
although thousands of dollars of computer time can easily be lost by
one incorrect character. Thus reliability of the input device is important in all computer applications.
.
'
The fact that input-output equipment constituted approximately
1 per cent of the computer system cost in the system of 1950-1951,
whereas in current systems this equipment constitutes 15 per cent or
more of the total computer system cost, demonstrates the increasing
awareness of the importance of input-output equipment and the
great strides that have been made in its development.
The first equipments used extensively with computers were the
punched-paper-tape readers, punches, and page printers made by the
Teletype Corporation. Their many years of use and proven reliability
in communications made them attractive, and they were used on the
Harvard-IBM MARK II and Bell Telephone Laboratories computers.
Somewhat later, punched cards were used as input-output on IBM's
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SSEC (Selective Sequence Electronic Calculator). Later, Teletype
equipment was used with the first input-output developed for the
SEAC and EDVAC (Electronic Discrete Variable Automatic Computer) computers, although it has since been replaced by faster equipment. The six-character-per-second input-output speed of the five- '
hole Teletype tape was soon found too slow, and computers appeared
with the somewhat faster card readers, punches, and printers made
by IBM. The proven reliability of punched-card 'equipment in accounting and the increase of speed over paper tape equipments were
attractive. At about the same time higher-speed equipments for
reading and punching paper tape came into use. Not long after came
the extensive use of magnetic-tape equipments with designs that
allowed dismounting of the tape reels for off-line use. The use of magnetic tapes thus allowed an extremely rapid transfer of data out of
the computer. The slower processes of printing information from the
tape and transferring information from printed documents or cards
to the tape could be done outside the computer, without interfering
with the central processing effort. The next developments for greater
speed were devices that can read a printed page and nonmechanical
printing devices utilizing cathode-ray tubes.
There are many devices that can be regarded as the input-output
type which are not discussed in this chapter. These are specialpurpose devices, such as those used in department store sales-datagathering systems and input to automatic reservation equipment used
in the railroad and airplane transportation industry. The analogdigital converter is in this same class, since it must be designed and
used in close conjunction with the equipment generating the analog
information. Also, many of these instruments generate data which
are read into one of the equipments specifically mentioned here.: Information from the analog-digital converter, for example, is frequently
read into a conventional card punch or magnetic-tape, unit and the
resulting cards or tape used in the next step of the process.
10.2

RECORDING MEDIA

As information is transferred from written documents into the
computer, a usual intermediate step consists of recording the information on a medium such as punched paper tape or punched cards. The
cards or tape are used in the input process. In addition, this medium
then forms an external high-volume storage for the computer. This
type of storage can indeed be regarded as another stage in the memory hierarchy of the computer (see Chapter 7). In the case of
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punched cards, which are stored in file cabinets, the information is
relatively inaccessible as compared with information stored on magnetic drums and magnetic cores. However, this type of storage external to the computer has been and will continue to be important for
computers. In designing and choosing a recording medium, there are
a number of objectives: low cost, reliability, permanency, erasability,
durability, and handling ease. Depending on the design goals of the
equipment, these objectives vary in importance. Reliability of the
medium means that the medium lends itself to use with equipment
that has a high degree of reliability. Erasability is considered by
some to be a disadvantage, since the information may be inadvertently
erased.
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Seven-level Flexowriter punched paper tape showing alphanumeric

Four types of media are in extensive use today: paper tape, punched
cards, magnetic tape, and printed page. Paper tape and punched
cards make up the type which is often referred to as "perforated
media." Magnetic tape is the more modern form of recording medium
with important advantages of compactness and higher-speed operation.
The printed page as a form of output data is of the most importance,
but there is the disadvantage' that it cannot be read directly back
into the computer. Equipment for direct reading of the printed page
is under development and will find extensive use.
Punched paper tape has been used with computers since the first
automatic equipments were developed. Teletype equipment uses fivelevel tape eleven-sixteenths of an inch wide; Flexowriter equipment
uses seven-level tapes seven-eighths of aninch wide. Figure 10.2 is an
example of seven-level punched paper tape with the Flexowriter code
indicated for the alphabetic and decimal characters. In this code
the seventh level is not used. Each column of hole positions is called
a "frame." The tape is drawn past the reading station with sprocket
drlves, making use of the small sprocket holes or feed holes punched
at the same time information is recorded. In some applications the
tape is drawn past the reading station by fri~tion drives, and no di-
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rect use is made of the feed holes, except for timing purposes. . An
advantage of paper tape is that the information cannot get out of
sequence, since the information is recorded on one continuous piece
of tape, and codes can be read visually. The disadvantages of paper
tape are that it requires frequent manual windup, and that high information rates are difficult to achieve.
The modern punched card and the first equipment to use it were
developed about 1900 by Hollerith,an engineer with the Bureau of
Census. In Fig. 10.3 there is shown the standard 80-column, 12row punched card showing the Hollerith code. This card is in very
extensive use with accounting and tabulating machines, especially
those built by IBM. In most applications, the cards are removed
from a deck placed in the hopper of the reading or punching mechanism
by picker knives. They are moved by rollers to the various stations
for reading and punching and then stacked in a pile for removal.
Higher input-output speeds are possible with punched cards than
with punched paper tape, and many kinds of punched-card equipment
are available. Cards are easy to handle and require no manual operation, such as winding in the case of the paper tape.
With the Flexowriter equipment it is possible to use upper-case
characters, since one of the "codes" is the upper-case shift. This is
not possible with Teletype equipment. Occasionally the holes in paper
tape are not punched entirely through, thus allowing printing to appear on the tape "over" the holes. In the case of the punched card,
the symbols corresponding to the hole combinations punched are
printed in the appropriate column positions. This printing is shown
in Fig. 10.3 on the card prepared with the IBM Type 026 Printing
Punch.
Both paper tape and punched card are convenient for recording information in binary form. In a computer using a 36-bit word, for
example, six punched-tape frames using six levels could describe a
word. A total of 960 binary digits can be recorded on each punched
card. For the 36-bit word, for example, 72 columns could be used
to record 24 words. The first word could be recorded in the first
36 positions of the "9's row," the second in the second 36 positions of
the "9's row," and so on.
In practice there is an important distinction between paper tape
and punched cards. Cards frequently use. the column position of the
information to identify an item of information. Certain groups of
card rows, called card fields, are usually reserved for certain types
of data. This is necessary when data is processed by certain equipment such as sorters. An' item· of information recorded on paper
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tape is usually identified by its serial position. This implies that
data on paper tape is compressed when certain information items are
not present. This· distinction is not a result of inherent differences
between the two media but rather one resulting from practice and
the characteristics of the .equipment.
. Magnetic tape is rapidly gaining popularity as a recording medium.
Magnetic tape is manufactured by placing a magnetic oxide coating
on a plastic or metallic base. Binary digits are recorded on the tape
by magnetizing the surface in a pattern that can be recognized during
the reading operation (see Chapter 7). The first use of magnetic
tape was as an auxiliary memory device. It provided an inexpensive
medium for the storage of bulk data during problem solution and
allowed transfers to and from high-speed memory devices at acceptable
rates. More recently, equipments have been designed for easy dismounting of tape reels. This feature combined with the availability
of tape-to-card and card-to-tape converters, keyboard-to-tape recorders, and magnetic-tape printers make more convenient the use of magneti~ tape as an input-output medium.
Two types of magnetic-tape base are in use, plastic and metallic.
The advantages of the plastic tape are that it is cheaper and lighter
than metallic tape. The advantages of metallic tape are that it has
a great resistance to destruction by fire, does not tend to become
brittle, does not stretch in use, and is not affected by humidity. A
newcomer is Mylar plastic tape; it is stronger, is less affected by
humidity, and is thinner than conventional plastic tape; it holds
promise for replacing plastic and metal tapes now in use.
Figure lOA shows a schematic of eight-channel recording on magnetic tape. In the code used in storing the alphabetic and decimal
characters, six channels are used to record the data, and a seventh
channel is used to record a "parity bit." The parity bit is selected
as a one or a zero to make an even number of binary ones across
each "frame" of the tape for checking purposes, so that an error in
one binary digit or an incorrect recording can be detected. The eighth
channel is a sprocket channel or timing channel for recording pulses
to time the reading of frames of information as they pass the reading
heads. This eight-channel recording is very frequently used with
magnetic tapes half an inch wide. Wider tapes using many more
channels are used for recording more information per frame. The
magnetic tapes in use with the ORACLE (Oak Ridge Automatic Computer and Logical Engine) computer at Oak Ridge National Laboratory, for example, employs a much wider tape with 40 information
channels. Information is generally recorded in the density range of
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100-200 bits per inch in each channel. However, the special tape units
of the NORC computer employ a pulse density of 510 bits per inch.
Information is recorded on tapes in "blocks" or "unit records."
These records may be a standard length or they may be of variable
length. Interblock or interrecord gaps of 1 to 2 inches are provided
to allow stopping and starting of the tape between records. This is
necessary since the tape must be traveling past the read and
write heads at a standard speed of 50 to 100 inches per second for
successful operation. An innovation used in IBM Type 727 tape
units involves placing "longitudinal parity bits" for each channel at
the end of a block or unit record, providing additional checking. In
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many magnetic-tape systems, block addresses are recorded in a
separate channel to allow automatic tape search independent of the
computer operation. In case block addresses are not recorded, units
of information are identified simply by their position by counting or
by identifying the recorded information itself. The advantages
of magnetic tape over paper tape and punched cards are the highspeed transfer rates attainable and the high density of recorded information. The speed and storage density are compared with other
media in Table 10.1. The information density on magnetic tape is
Table 10.1

Medium
Paper tape
Punched cards
Printed page
Magnetic tape
Photographic

Recording Media Characteristics

Bits per
Input Speed, ..
Output Speed,
Square Inch Characters per Second Characters per Second
70
200-400
60-200
40
300-600
130-260
2,000
1,000-3,000
13,000-70,000
13,000-70,000
3,000,000
160,000

such that the information stored on one punched· card of size 3* by
7% inches can be recorded on a %-inch length of magnetic tape. Over
a million characters can be stored on a 1500-foot reel of tape about
8 inches in diameter. Approximately 15,000 cards requiring ten trays
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of a standard card filing cabinet would be necessary for the equivalent
amount of information recorded in punched-card form.
Although photographic film is an imporlantmedium for input-output,
it has not come into extensive use. Photographic techniques have a
wide range of use in recording. Film is used to record printed matter
from the face of cathode-ray tubes and is used as a high-density storage
medium in recording binary information. It is in its latter use that the
high-resolution properties of the film are exploited. The problems of

Fig. 10.5 Intelligent Machines Corporation print reader

both original recording and readback of the data are difficult. One
of the disadvantages is the nonerasable character of the medium.
For this reason, photographic techniques fall into the category of·
high-volume auxiliary memory rather than input-output.
The printed page is frequently used as a medium in output-the
reverse process of reading the printed page is receiving much attention.
Figure 10.5 shows experimental equipment developed by Intelligent
Machines Company. Number reading is important for checks in banking operations. Numbers can be read directly, or a code printed in
magnetic ink can be used.
Many modern computers employ the binary number system internally and, therefore, require conversion from decimal to binary
somewhere between input and problem solution. Although this was
formerly done by hand external to the computer, this conversion is
now accomplished in most cases by the internal stored program of the
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computer. Also, in reading data it is common practice to form sum
checks. As each word or unit of information is read into the computer, a sum is accumulated and checked with a sum obtained external
to the computer or by a preceding data input operation. If the two
sums thus formed agree, this is taken as evidence of the correct operation of the input device. Another operation on input occurs when
full alphanumeric keyboard information is read into a binary computer. Although early computers accepted fewer than 20 different
characters (the SEAC accepted 16 characters of the "hexadecimal"
number system), the modern computer accepts the full range of keyboard information. Frequently this information must be rearranged
within the computer.
In Table 10.1, where a range of figures is given for recording media,
the lower figures are obtained easily and used frequently. The higher
figures are obtained by an unconventional arrangement of information
in the medium or in experimental equipment. Where no figure appears, it is considered that the particular information is nonapplicable.
10.3

BUFFERING AND COMPUTER CONTROL

The first stored-program computers were inhibited from performing
any arithmetic operations while input-output was proceeding. During
input and output, using the Teletype equipment, the effective megacycle
rate of the SEAC computer was slowed to the input rate of 24 bits
per second. In most cases the mechanical input-output devices will
be slower than the internal speed of the computer. The problem is to
reduce the rate of information transfer on output to match the output
device, and on input to spe'ed up the data rate to make it acceptable
to the central computer. The problem of changing the speed and
creating signals to make the two equipments electrically compatible
was certainly challenging enough at the beginning. A greater challenge
was to increase the efficiency of computer operation during extensive
input-output operations.
To meet this challenge, most computer designers developed smallmemory devices, such that information could be shifted in and out at
different rates, to act as a buffer between the computer and the inputoutput mechanism. The modern buffering system does more than
simply slow down the information flow during output and provide
electric compatibility between the computer and the input-output
devices. In addition, it allows the computer to communicate with
the buffer at computer speed and, after such communication, to continue with its normal operation, meanwhile allowing the input~output
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device to communicate with the buffer at its own lower rate. With
the modern computer, for example, fewer than 50 microseconds are
necessary to transfer a word into buffer storage, whereas close to 500
microseconds are necessary for the modern magnetic-tape unit to
transfer one word out of the buffer to the tape. The buffer makes
the 450 microseconds between successive word transfers available to
the computer for arithmetic and logical operations.
Following the development of the UNIVAC I in 1951 with its 60word buffers for input and output, the IBM-701 computer appeared
with a buffering-type system which allowed the usage of a great percentage of the input-output time cycle for arithmetic operations. In
Remove information from buffer

Place information in buffer

Set computer
Interlock; release
1-0 interlock

L..-,,----r---'

Remove rnformation from buffer

Release computer
interlock;
set 1-0 interlock

Place Information In buffer

Fig. 10.6 Buffering system schematic

the 701, for example, 292 milliseconds of the card cycle of 400 milliseconds are available for useful calculating. The UNIVAC Scientific
Model 1103 computer was the first commercially available computer to
be designed with a general-purpose buffering system. In this computer two buffer registers are provided through w4ich communication can be accomplished with any device that will give and accept
electric signals compatible with it.
Because the input-output equipment works asynchronously with
the computer and because the programmer must allow periodic communication with the buffer, a system of interlocks is necessary to allow
for the possibilities of poorly timed operations. Figure 10.6 illustrates
an idealized buffering system. When the computer communicates with
·the buffer, the computer is locked out and the 1-0 interlock is released, allowing communication of the buffer with the input-output
device. When communication of the 1-0 with the buffer occurs, the
computer interlock is released and the 1-0 interlock is set. In most
cases the input-output equipment is "free-running," which implies
that, during output, the output equipment continually and periodically
samples the buffer. Information must be there or the interlock causes
an alarm. By the same token, if the computer attempts to deposit a
number in the buffer and the computer interlock is not released, the
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computer will idle until the release occurs. Similar statements can
be made about input.
Besides the transfer of the information to the buffer, the inputoutput equipment at some stage must be selected and put into motion.
The speed of selection then is important, and it is highly desirable that
this selection process take place at internal computer rates. The size'
of the buffer is likewise an important item. The larger the buffet is,
the less frequently information transfers to it are necessary; and the
less frequent the transfers, the greater the efficiency becomes. For
example, very few operations could be accomplished between transfers
which are 500 microseconds apart in a computer which has an add
time on the order of 50 microseconds. In this instance probably no
more than 50-70 per cent of the time between transfers could be
utilized because the apportionment of the computing between transfers must be such that information is transferred to the buffer at the
correct rate. Compare this with the buffer 20 times as large, thus
allowing transfers 10 milliseconds apart. Here the apportionment of
computing between transfers is a much simpler job and would probably allow as great an efficiency as 90-95 per cent. The increased
efficiency provided by effective buffers is shown by comparing the
IBM-701 with the IBM-705. In the IBM-701, card half-rows had
to be transferred at proper intervals, but the IBM-705 has SO-character
buffer storage available which allows information for an entire card
to be transferred at once.
In lieu of large buffer registers, it is possible to design an external
control of the input-output equipment so that transfers and selection
proceed completely independently of the main computing activity.
With this system design, the size of the buffer is unimportant, since
successive transfers to the buffer are accomplished automatically without explicit instruction. In this arrangement, the whole memory essentially becomes the buffer for the input-output equipment. Interlocks are important in this instance, as in the other, since it is pos'sible
that the input-output equipment and the computer itself might conflict in attempting to communicate with the same memory cells in an
improper order. In this instance of the "advanced buffer," a highly
complex piece of equipment that controls the input-output, it is possible for the mechanism itself to be programmed to permit not only a
simple transfer but to provide for processing of the information as it
leaves the central computer. This idea is being exploited in the
LARC (Livermore Atomic Research Computer) being built by Sperry
Rand for the Livermore Radiation Laboratory of the University of
California.
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Buffering systems with considerable flexibility have been designed.
For example, consider the buffer storage that allows the storage of a
number of words up to some large number. In this system the item
drawn out by the input-output device is the one that has been in the
buffer longest. The buffer is designed to provide signals in the event
that it has been emptied or that it is full and cannot accept another
item. Such a buffer has been designed by Telemeter Magnetics in
Los Angeles. This buffer, of modular design utilizing magnetic cores
and transistors, forms the heart of a number of systems which allow
transfer between various output media, .such as between paper tape
and magnetic tape.
10.4

READING AND ·RECORDING EQUIPMENT

Teletype equipment was first used for input-output with automatic
computers. Principally because of its greater speed of ten characters
per second, Flexowriter equipment, manufactured by Commercial Controls Corporation, replaced Teletype for punched-paper-tape input
and output. The Flexowriter is essentially an electric typewriter
especially adapted to prepare printed page matter from paper tape and
to punch paper tape. The paper tape used is seven-level tape rather
than the five-level tape used with the Teletype equipment. Flexowriter
equipment is still in extensive use today, specially for medium-sized
magnetic-drum computers. It is also used for monitoring the output of
large-scale calculators. In order to obtain higher-speed input than
that obtained by means of adapting the Flexowriter, many computer
systems use the photoelectric reader made by Ferranti Limited, an
English company. This reader, shown in Fig. 10.7, is a well-engineered
device which reads seven-level paper tape at 200 characters per second
and has a high-speed clutch which can stop on a character, that is,
read a character, receive a signal from the computer, and halt before
traversing another frame. The "Ferranti Reader" is widely used in
this country and in England. The Teletype Company makes a 25character per second punch as well as a 60-character per second punch,
both of which punch seven-level paper tape. Of the large-scale systems,
only the UNIVAC Scientific Model 1103 uses paper tape as an inputoutput medium (in addition to punched cards).
There are many other photoelectric readers of various designs. The
operation philosophy for some of these units is that control of the
reader is accomplished through information stored on the tape. In
the case of the Ferranti Reader, the start and stop of the reader are

INPUT-OUTPUT EQUIPMENT

.289

under computer control exclusively. This system allows greater flexibility of operation but requires the high-speed start and stop mechanism referred to. Also, a number of paper tape punches have been
developed, some with considerably higher speed than the 60-character
per second Teletype punch mentioned.
As a natural consequence of its accounting machine business, International Business Machines Corporation makes a full range of

Fig. 10.7 Ferranti photoelectric reader

punched-card readers and punches. The readers generally operate at
150-250 cards per minute, and the punches operate at 100 cards per minute. Many of these units are adaptations of machines that have been
used over the years in tabulating work. For example, the conventional
reproducer can be adapted rather easily as a card reader and card
puncher for a computer system. The serial ten-character per second
electric typewriter operation has largely given way to the "line
printer," occasionally referred to as a "gang printer," which allows
the simultaneous printing of the characters in an entire line. Again,
most of these printers used as computer outputs are modifications of
conventional accounting machines. As an example, the IBM Type 716
printer is a modified Type 407 accounting machine.
Although IBM makes most of the punched-card equipment and line
printers used with electronic computers in this country, there is one
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exception. The Compagnie des Machines Bull, of Paris, makes cardreading and card-punching equipment that handles the conventional
80-column card and is used extensively with the UNIVAC Scientific
line of equipment. The outlet for this Bull equipment in the United
States is Sperry Rand. Although the equipment has characteristics
similar to those of the IBM equipment, there are certain limitations
on the number of holes which can
be punched in any single card or
in anyone row of any card. The
Bull company also makes a line
printer that operates at 150 lines
per minute and is available as an
on-line printer with the UNIVAC
Scientific computers.
The highest-speed input-output
devices are magnetic tapes. Magnetic-tape input-output has been
available with the UNIVAC computer and with IBM computers,
starting with the IBM-702 computer. For successful reading and
recording, the tape must be moving
past the'magnetic read-write heads
at a standard rate in the range of
50-100 inches per second. The
time wasted in waiting for the
transfer and the length of unused
tape traversed during acceleration
should be minimized. Hence, acceleration to speed is accomplished
Fig. 10.8 Uniservo II tape reader and
recorder
as quickly as possible, usually in
5-10 milliseconds. Accelerating the
tape is much easier than accelerating the reels holding the tape. Although it is possible to do without reels altogether and simply let the
tape fall into a bin, most units are designed with reels and a servomechanism to control them. When tape motion past the read-write
heads starts, the tape loop between the heads and the reels shortens
(or lengthens), and ~ signal is sent to turn th~ tape reels to keep a
loop of correct size. The length of the tape loop is measured by spring
tension, by vacuum switches, or by photoelectric devices. Because of
the servomechanism aspect of the equipment and the precision manufacturing necessary, tape mechanisms are expensive devices.
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The design feature important in making the tape unit usable as an
input-output device is the ease in dismounting and mounting tape
reels. With early tape devices it was necessary to perform a painstaking job in properly threading the tape through a maze of capstans and
rollers. With the modern device the tape reel can be mounted and
the tape unit made ready for use in about half a minute.
Table 10.2

On-line Input-Output Devices

Computer
Applications
Early computers

Use

Operating Speed

Five-level paper
tape read and
"punch
Seven-level paper
tape punch
Seven-level reader
and punch
Seven-level paper
tape reader
Read and punch
80-column
cards
Card reader

6 characters/second
60 charac- ters/second
10 characters/second
200 characters/second
120 cards/minute

Numerous computer systems
Numerous computer systems
Numerous computer systems
UNIVAC Scientific
Model 1103 "

150 cards/minute

IBM-701

Card reader

250 cards/minute

IBM-704

Card reader
Card punch

250 cards/minute
100 cards/minute

IBM-705
IBM-701, 704 (705)

Printer

150 lines/minute

IBM-701, 704 (705)

Printer

150 lines/minute

UNIVAC

Printer

600 lines/minute

Shepard

Printer

600 lines/minute

ANalex

Printer

900 lines/minute

Charactron

Cathode-ray
tube printer

10,000 characters/second

IBM Type 727

Magnetic tape

Sperry Rand
Uniservo

Magnetic tape

15,000 characters/second
12,800 characters/second

UNIVAC Scientific
Model 1103
(1103A)
UNIVAC Scientific
Model 1103A
NCR-107, and
others
Johnniac, Maniac,
and others
UNIVAC Scientific
Model 1103,
UNIVAC LARC
IBM-701, 702, 704,
705
UNIVAC,
UNIVAC Scientific Model 11 03A

Equipment
Teletype
Teletype
Flexowriter
Ferranti
Bull
IBM Type 711,
Modell
IBM Type 711,
Model 2
IBM Type 714
IBM Type 721
(722)
IBM Type 716
(717)
Bull
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A picture of Sperry Rand's Uniservo tape unit is shown in Fig. 10.8.
A summary of the characteristics and use of a number of on-line inputoutput devices is presented in Table 10.2. The Charactron, included
in this table, is discussed below.
10.5

OFF-LINE EQUIPMENT

The equipments commanding the most attention (and highest rental
fees) are the off-line units used in transferring data at high speeds to
and from magnetic tape. Machines for transferring data from cards
to printed, page, from paper tape to cards, and from paper tape to
printed page have been available in many forms for many years. The
magnetic-tape equipments are more recent developments. Certain of
these devices can be used either on-line or off-line.·
The Eckert-MauchlyCorporation, now part of Sperry Rand, was
the first to develop equipment to place information directly on to
magnetic tape from the keyboard and to transfer tape information
directly to the printed page. The Unityper, available since about
1951, has the direct keyboard-to-magnetic-tape recording. This device, still in use with UNIVAC systems, stores characters on tape in
120-character "blockettes" for subsequent read-in to the computer.
The Uniprinter, also available when the first UNIVAC was completed,
is essentially an electric typewriter that prints information stored on
magnetic tape at a rate of ten characters per second. To replace or
supplement the Unityper, Sperry Rand has developed the Tape Verifier, which will allow automatic tape verification as well as provide
more convenient initial recording of data. The Tape Verifier is pictured in Fig. 10.9.
Both IBM and Sperry Rand have machines to transfer information
from magnetic tapes to punched cards and vice versa. The IBM Type
714 card-to-tape converter is pictured in Fig. 10.10. The magnetictape-to-punched-card converters take information from tapes to the
conventional 80-column, 12-row cards at a rate of about 120 cards per
minute. The punched-card-to-magnetic-tape converters transfer information stored on the conventional cards to magnetic tape at rates
of about 250 cards per minute.' The Sperry Rand version is somewhat
unusual in the sense that a suction mechanism, rather than the "pickerknife" mechanism usually seen, picks cards from the hopper pile.
In addition IBM makes the Type 774 Tape Data Selector which performs a selection of magnetic-tape data for simultaneous output to
two or more devices such as card punches or accounting machines.

INPUT-OUTPUT EQUIPMENT

Fig. 10.9 UNIVAC tape verifier

Fig. 10.10 IBM Type 714 card-to-tape converter
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Magnetic-tape-controlled line printers are a most important new
development. These machines, with printing rates of 500-1000 lines
per minute and upward, are as expensive to buy or rent as many small
magnetic-drum computers and, in many instances, take up more space.
When such printers are used, information is transferred at high rates
from the computer to magnetic tape in blocks of about 120 characters,
the amount of information to be printed on one line. Tape reels are
then dismounted and taken to the tape drive mechanism in use with the
line printer where the information is read from the magnetic tape
and transferred to the printed page at magnetic-tape rate.
Control of the printer is accomplished by four means: manual, information stored within the block recorded, a paper tape loop such
as is used with the conventional accounting machine, and plugboard.
Most of the manual controls involve switches to control the stop and
start and positioning of tape and are sometimes used in conjunction
with the information stored on the tape. In tape control certain
characters stored in the first character position of the block signify
certain special operations. For example, a character is reserved to
cause the printer to halt. Another character is used to halt the printer,
depending on the position of a "break point switch." The paper tape
loop is used to provide fast feed or line skipping in certain operations,
especially in dividing the printed information into pages. The plugboard is used in much the same way as with conventional tabulating
machinery. The plugboard can be used for the following: selecting
certain characters from the block of informatihn recorded on tape for
selected placement in the printing position; multiple printing of certain
character positions; multiline printing of characters; line spacing; and
zero suppression. In most cases the plugboard is not necessary to perform editing of the data, since it can be done by the computer before
output. However, the use of the plugboard removes from the programmer much of the onus for editing output and reduces the computer
time necessary.
Two types of printing mechanisms are used in high-speed line
printers, and the differences between them are noteworthy. In one
type of printing, characters are formed by selection of a pattern or
matrix of wires chosen by a five-by-seven array. The wire ends are
forced to strike the paper, and the dot pattern thus forms the character.
In the other method of printing there is a type wheel for every printing
position. Each type wheel turns, and a hammer strikes the paper in
each printing position at the precise time the wheel is in position to
produce the character chosen. Although an assessment of the relative
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merits of each method of printing is difficult, some observations can
be made. Printing quality is probably somewhat better with the
type wheel method. On the other hand, vertical registry of characters
in their line position is not as good with the type wheel method, and
the number of carbon copies possible is smaller.
The IBM magnetic-tape-controlled printers use the five-by-seven
wire array technique for printing in its Type 719, Type 720, and Type

Fig. 10.11 UNIVAC high-speed printer

730 line printers, as is used with the Type 026 Printing Punch, a
printing sample of which is shown in Fig. 10.3. The Type 719 operates at 1000 lines per minute with 60 printing positions, the. Type
720 at 500 lines per minute with 120 printing positions, and the Type
730 at 1000 lines per minute with 120 printing positions. The UNIVAC
High-Speed Printer, made by Sperry Rand and shown in Fig. 10.11,
utilizes the type wheel design. This printer operates at 600 lines per
minute and has 130 printing positions 120 of which are chosen arbitrarily from the tape; the remaining 10 are selected as duplicates of
the 120 tape-recorded characters. The ANalex Corporation and
Shepard Laboratories both make line printers that operate· on the
type wheel principle.
An interesting adaptation of the line printer makes it suitable to
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print data in the form of analog-type plot .. ' In this adaptation, type
wheels, or type bars, of the line printer are changed to remove certain
characters and replace them by vertical bars· and marking symbols.
The vertical bars allow the marking of scale marks during output, and
the special m~rking symbols allow for each character position a subdivision into four parts. The line printer with 120 character positions
could then handle quantized graph plots with information good to 1
part in 480. The adaptation also features changing the gears on the
carriage control to allow a smaller spacing, such as ten lines per inch
rather than the usual six. In plotting samples of data in a data
reduction application, when looking at the paper as it is printed on
the line printer, the positive time axis extends downward and at the
positive ordinate extends to the right. This adaptation of the line
printer makes available, as digital computer output, an analogtype plot important to engineers to obtain at a glance certain important characteristics of the data reduced. This innovation adds considerably to the convenient use of the digital computer.
10.6

NONMECHANICAl PRINTERS

"Nonmechanical printers" is somewhat a misnomer, for there must,
of course, be mechanical parts to move the paper or the film used.
The printing itself is nonmechanical, and hence one. of the principal
difficulties of the conventional mechanical printer is removed-the
inertia of the mechanical parts directly involved with the printing
process. At speeds of 1000 lines per minute and higher, there is an
extremely heavy burden placed on the mechanical design in making
parts move as fast as necessary, for with these devices the ink must be
transferred from a ribbon to the printed page by means of a hammer
strike. In the nonmechanical printing devices to be discussed here,
the part that must move at high rates of speed is metallic powders, an
electric spark, or, in the case of the cathode-ray tube, the electron
beam.
The Atomic Instrument Company has produced a high-speed
printer called the Dataprinter, capable of printing characters at rates
up to 500 per second in a column. The manner by which the characters are printed is similar to that of the· IBM line printers in the
sense that numbers are formed by dots from an array. In this case,
however, a three-by-five array is used to represent the digits, and
the dots are formed by sparking wires through Teledeltos paper, a
Western Union product. In the printing process a black layer ,be-
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neath the reading surface is exposed by the spark. The paper runs
from one reel to another, passing the stationary spark wires. Early
models recorded only three-digit decimal numbers, but by duplicating
the printing mechanisms numbers of larger sizes can be printed.
As another example of a nonmechanical high-speed printer, the General Electric Company has examined the possibility of using a process
called ferromagnetography. In this process, finely divided charged
particles are placed in contact with a surface containing a magnetized
latent image. The particles adhere to the magnetized areas and make
the image visible. The surface is then brought into contact with
another paper to which the particles adhere to provide a permanent
copy. The design illustrates the importance of reducing the inertia
of the elements in the basic printing process. In this case the elements
are the small ferromagnetic particles.
Perhaps the most important type of nonmechanical printers are
those using the cathode-ray tube. One of the first such devices was
the Magnetic Numeroscope Printer, developed by Engineering Research Associates in 1950 and delivered to the National Bureau of
Standards. With this device, two magnetic drums were used to make,
permanent recordings of th~ deflection voltages to be impressed on
the cathode-ray tube to cause the tracing of appropriate characters.
Access to different parts of the drum and therefore to the different
voltages corresponding to the various characters was made in .accordance with the character to be printed. A 16-millimeter microfilming
unit was used for permanent recording. The design of this system in
connection with cathode-ray tube output has not been used widely.
Another early application of the cathode-ray tube for output was
that used with the Whirlwind I Computer at MIT. This type output
received considerable impetus when the Rand Corporation began using
a tube and a camera to record information from their IBM-701 computer in a military application. The general design has been embodied in an output system which IBM makes available for the 704
computer. Under computer control, the beam can be directed to one
of 1024-by-l024 positions in a square array. Characters must be
formed as combinations of those spots. An automatic X- and Y-axis
generating feature is available with this device for analog-type plotting of functions and outputting graphic information like charts or
figures. Characters must be formed out, of spots directed to the
1024-by-1024 position array under complicated program control. The
cathode-ray tube output device for the Whirlwind I Computer operates
in much the same fashion.
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In employing these devices in which a single spot must be manipulated to form characters, considerable programmer inconvenience is
incurred and extra computer time is consumed. The Charactron tube,
a development of Consolidated Vultee Aircraft Corporation, is designed to present alphanumeric and quantized analog plot information on the face of the tube with considerable operational convenience. With this tube the electron beam is directed toward a metal
plate into which characters have been cut. When a diffused electron beam passes through the matrix,! the characters formed are on
the tube face, and secondary focusing directs it to any position in
a 1024-by-1024 square. The advantage in the use of this tube is
that the characters are formed automatically in the tube rather
than by directing- the electron beam in a prescribed pattern under
complicated and time-consuming computer control.
The Charactron tube with associated camera equipment provides
an output device which is available for the UNIVAC Scientific Model
1103 computer. In this system a 35-millimeter camera is used to .
photograph the tube one frame at a time, develop the picture, and
then project it onto a built-in screen for viewing. The film can be
removed for later viewing or for making prints. Under control of
the computer, characters are formed on the face of the tube, and
when the tube face is filled as desired, another film frame is brought
into position for exposure.
A nominal rate for the tube is 100,000 characters per second. However, after necessary computer information, editing, and camera control,an output of about 50 words (600 characters) per se90nd is
achieved in a program in operation at the Convair Corporation in
San Diego. An exposed film frame can be developed and proj ected
for viewing in 2 or 3 seconds. The device is pictured in Fig. 10.12.
A Charactron tube high-speed output system is planned for the
LARC computer. A different model Charactron tube will be used
in this application and will operate at the rate of character output
of 200,000 per second. A number of other cathode-ray tube output
systems have been proposed, designed, and built. One of these is
built by RCA-Victor Corporation and is included in the complement
of output equipment for the RCA-BIZMAC computer.
All of these cathode-ray tube output systems require a means for
permanent printing of the information. Photographic methods can
be utilized to record the data permanently. When high speeds are
partiCUlarly desirable·, the dry process called Xerography developed
by the Haloid Company affords an interesting possibility for recording.
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10.7

CONCLUSIONS

A number of interesting trends in the development of input and
output equipment for computers are evident. The first involves the
transition from sequential operation to simultaneous operation for
greater speed. Just as in the early days of stored program computers
when the transition was made from the serial computer to the parallel
computer, so also is this trend in evidence in input-output equipment.
The development of the line printer to replace the single-action serial
electric typewriter is an example. Since internal computer speed
far surpasses even the fastest magnetic-tape unit, there is a trend
to make the computer operate two or more units simultaneously to
allow the input-output to keep pace with the computer. Another
trend is the higher speed of selection of input-output mechanisms
- and the greater efficiency allowed by buffering and control of the
input-output mechanism apart from the computer proper. When carried to the logical extreme, the selection of the input-output mechanism and the transmission to the input-output mechanism control unit will take place at the highest internal speed of the computer.
The transfers to the input-output units will·· then take place completely independently of the program and its central processing efforts.
There is also a steady trend toward faster electromechanical devices and toward the increased use and development of nonmechanical devices, especially those utilizing the cathode-ray tube. Another
interesting trend marks the confluence of system design of the scientific calculator and the data processor. More and more those
operating scientific computing installations are seeing the need for
facile and rapid input-output equipment. Undoubtedly in many
cases this will result in a single line of computers by each manufacturer,
allowing various types of input-output mechanisms to be attached
as desired.
A number of challenging problems exist in printing mechanisms,
in addition to greater speed and reliability. One of these is printing
of the nonalphabetic, nonnumerical data. For example, a future
computer might output a complete prognosticated weather map with
its isobars and symbols for direction of wind,· weather, and other
items of weather information. As another example, a battlefield map
might be printed from a computer on the basis of information received
for a hypothetical or conj ectural move or placement of friendly or
enemy forces. The printing problem here is one of placing many
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symbols in a large number of positions, frequently in a continuous
form, to delineate accurately the battlefield situation.
The ultimate goal in computer input is to read printed or written
matter from the original document. An especially challenging problem is to read successfully the printed or written matter, even if
the printing or writing is imperfect. The fact that the conventional
alphanumeric printing is done in a form which, information-theorywise, is redundant makes this seem possible. The speed of this read ..
ing must be at least comparable to the speed obtained by the highestspeed paper tape and punched-card devices available today.
10.8
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Data-P.-oeessing Maehines
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11.1

INTRODUCTION

We shall consider the application of a large-scale data~processing
system to the solution of the information-handling problem in life
insurance policy operations, automobile spare-parts stock control, and
public-utility billing and cash accounting. We shall assume familiarity
with the characteristics of large-scale electronic data-processing machines-including those of high-speed magnetic tape and stored programming.
11.1.1

Kinds of Data-Processing Applications

Data processing refers to processing information expressed in numerical or alphabetical form and has applications arising in three nonmutually exclusive fields: engineering and scientific research, research
and development in management science, and the control of a business.
Applications in engineering and scientific research, which led to the
development of the large-scale electronic machine and hence have
1 The author is indebted to the Prudential Insurance Company of America, the
Chrysler Corporation, and the Commonwealth Edison Company, and to a number of associates in IBM for valuable assistance in preparing this chapter.
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the longest history, have been described in the literature and will
not be referred to again in this chapter.
Applications of data processing in research and development in
management science have a fascination in their own right but, in the
main, involve a mathematical formulation and hence processing characteristics which resemble scientific computation. For example,
formulations in terms of linear equations, differential equations, and
simulations are common. Consequently, even though management
science data processing may differ sharply from scientific computation
in the ratio of input to internal processing, it will not be discussed
here.
Therefore, we shall consider only applications arising in commercial
data processing, also known as accounting processing, business processing, the processing necessary to control a business.
11.1.2

Classes of Data·Processing Machines

A machine that processes numerical or alphabetical information
in an automatic fashion and whose operations include at least that
of comparing will be called a data-processing machine. E;ere, by
automatic, we shall mean that at least two operations are carried out
in sequence without the intervention of a human operator.
Within this rough definition we shall then say that data-processing
machines can be classified as small, medium, and large.
Of these three classes, we shall consider only the latter for the
reason that the unit cost· of 'processing operation is by far the lowest
in this machine. That'is to say, a medium-sized machine renting for
$3000 per month can execute of the order of 100 internal operations
per second. Its larger brother, renting for $30,000 per month, can
execute of the order of 10,000 internal operations per second. This
apparent relative efficiency of ten to one of the large machine can
never be completely realized in practice because of time out for preventive maintenance, problem testing, and scheduling. Nevertheless,
it is so large that it is important to examine those instances in which
this efficiency can be utilized, and this we propose to do. Finally,
then, of the nine combinations of problem and machine classes, we
shall consider only one: business problems and large machines.
11.2

ELECTRONIC DATA·PROCESSING MACHINES IN BUSINESS

For the past several years, the managements of virtually every
sizeable organization in America and in many other parts of the
world have attached great significance to the application of electronic
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data processing, automatic data transmission, and office automation
in general. The urgency with which these leaders are studying developments in this field arises from the astounding fact that in a
single generation we have filled this w'orld with more new products
than in all the previous generations of, man combined. In reaching
this tremendously accelerated pace of technological development, we
have freely utilized recorded information of our predecessors in science
and industry. Thus, in science, we have used the accumulated data
concerning the operating characteristics of a chemical process in
order to design a new plant. In business we have used historical
information concerning investment policy and credit risk in order
to make business judgments. It is obvious that as the total amount
of information available becomes more gigantic, the problems relating
to its organization and communication become more acute. We have
reached the point today where, without great facility and speed in
recording, classifying, summarizing, and extracting facts, we shall
not be able to take full advantage of our cumulative information.
Moreover, as a business grows beyond the size controllable by one
man, its management must depend upon reports and records for the
news of the events of the business. ~he process of selecting, interrelating, and communicating useful facts from the total amount of
operating data takes time; often, the manual methods are slow enough
that by the time the information reaches its destination and is analyzed,
the decisions for which the data were collected in the first place were
of necessity made without the information.
For example, a principal executive of a large and highly successful
chemical organization recently remarked that without the availability of high-speed electronic data-processing machines, the monthly
statements of cost by product were available to operating personnel
only during the last third of the month following the closing date.
Under such a time schedule, an operating foreman had the tendency
to say, if confronted by a poor cost repo.rt, "Oh, well, the end of
the month is almost here. Let's wait and· see what happens." Close
and effective control of costs will now be much more effective to
enforce from a psychological point of view since, with modern dataprocessing equipment, the reports will be available in the first third
of the month.
'
Characteristics of business machines available up until the recent
past have brought about the recording in multiple form of the most
minute events of a business. The objective was to cross-index this
data a sufficient number of times so that the time required to isolate
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and extract wanted facts was in some closer relation to the time
allowable for its assimilation.
Without implying that any final solution to these problems has
been found, we must recognize that important gains have been made
in the last several years. Today's latest large-scale electronic dataprocessing machines offer to us the most promising means yet to
maintain control over information handling in large enterprises.
11.2.1

Fundamental Requirements for Automation in Data
Processing

Like all advances in automation, modern automatic data processing
depends upon two characteristics which were first present in factory
automation seventy or eighty years ago. These characteristics are
those of complete definition and of repetition. That is to say, the
engineer can build a tool provided the' functional requirements of
the tool and the specifications can be written. Whether the tool
will be built depends upon the possibility of economy and therefore
probably upon the amount of repetitive use to which a tool is to be
put.
Exactly similar analysis can be made concerning the application
of automatic 'data-processing machines. The problem must be defined completely and unambiguously before the machine can be programmed. Whether the program for the problem will in fact be
written depends upon the number of repetitions of the problem. This
number, of course, will decrease as more completely automatic programming methods are developed.
A second similarity between factory machines and office machines
is the following: in factories, at first, all machines were of the vertical type in function. That is, they accomplished only one function,
drilling, for example. Later, horizontal-type or multiple-function
machines appeared. Also material was transported from one operation to the next by such means as endless belts. At the present time,
factory machines now combine functions and transport to such an
extent that a large-scale transfer machine may perform in sequence
several hundred combinations of a few dozen operations with all'
transport being performed automatically.
11.2.2

The Growth of Office Automation

In the office, we find a similar evolution. The first office machines
were all of the vertical type, for example, the typewriter which writes
or records and the adding machine which adds. Later, machines performing several operations appeared, such as the typewriter com-
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bined with the adding machine, generally called a bookkeeping machine. The modern punched-card accounting machine is an example
of the multiple-function machine. It can match one record against
another, add, subtract, cross-foot, post, position its own forms, etc.
Likewise, in the beginning, virtually all business data were communicated or transported entirely in paper-recorded form. Later,
after the transmission of information by wire became widely accepted,
we witnessed the gradual development of wire transmission of business
data, first by key depressions, then by magnetic facsimile and wireless.
The existence of electronic data-processing machines has altered
the whole economy of data transmission significantly because of this
tremendous speed and capacity. One notable characteristic is that
they have substituted an internal means of transmitting data from one
function or operation to another instead of by the conventional external transmission of paper-recorded information.
We shall now proceed to discuss in order: data recording and
handling, characteristics of an efficient data-processing system, and
characteristics of the business problem.
11.2.3

Data Recording

There are three principal methods of recording data from source
documents: by hand, by sound, and automatically. Hand and sound
recording are quite familiar; automatic, in this case, refers to the
automatic by-products of previous processing such as balance forward
punched cards, balance forward magnetic tape, plus any new information available such as the automatic output from production recorders
or from automatic transmission devices. Here "balance forward"
refers to a file of information that has been updated by a file maintenance procedure, i.e., all changes in the file have been incorporated.
In both hand and sound recording, a conversion to machine language
must be made. There has recently been considerable progress toward
making this conversion an automatic rather than a manual process.
The punched-paper-tape or punched-card outputs of radio, mechanical,
and telephone transmission systems are examples, as are the combined
recording systems which produce simultaneously both card and tape.
Practically every major business machine company is introducing some
kind of device in this field.
But whatever the automatic data-processing machine used, machine language, on a practical basis today, is either punched cards,
punched tape, or magnetic tape; and in this connection, we note that
virtually every large-scale electronic data-processing machine depends
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upon the punched card either for direct input or for the most practical
way to create, verify, and correct magnetic tape.
Once having converted source data to machine language,. however ,
the subsequent arranging, computing, summarizing, and transportation
of data between these functions become an automatic internal process,
conducted at extremely high speed. If ~~e output is printed, no
further reconversion is required. If output is in some form of machine
language, usually some additional processiJ;lg step is needed before a
human decision or analysis can· be made from the results.
11.2.4

Characteristics of an Effic:ient Data-Processing System

Keeping in mind the fast input, large storage, and high-speed operation of the modem large-scale data-processing system, we shall now
state the facilities essential to an efficiently designed application. Because the business problem is characterized by multiple inputs, multiple classes, and multiple outputs, the data-processing system must
provide for (1) consolidation of" several files into a single magnetictape file; (2) processing of several classes of· information simultaneously; (3) production of all op·erating reports simultaneously and elimination of intermediate results with no operating application.
A typical data-processing application generally involves the collection of large volumes of 'data from multiple input sources, selection
of a class of data, operation on this class of data, and the generation
of information for output reports and documents. Associative or
associating data from each of. multiple sources are contained within
a unit record which includes descriptive and identifying information.
Unit records from a given source are ordered on their control or
identifying information and matched with records from other sources.
Data from one source are then consolidated with those from another
source, and a class of data is identified and used as the basis for
calculation of output information. Processing then consists of repetitive cycles of operation on associated units of information. The
large volume arises from the number of tim~s the cycle must be repeated-I.e., the volume of original input information.
11.2.5

Characteristics of the Business Problem

We shall now discuss the business problem, in general and indicate
how the characteristics of the efficient data-processing system are
important.
"
Classes of data. A file of unit records from a given source usually
contains several classes of data. For any single class, the calculations to be performed during a single operating cycle may be simple
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but a large number of'logical decisions may be'"!equired to 4etermine
what class is to be treated. In the past, the selection of class has
been simplified by segregating the different classes of data from a
given source. For example, a payroll involving salaried, hourly, and
piecework employees would be divided into 'three separate processing
operations for the calculation of gross earnings. .The three classes
would receive somewhat different treatment for the gross-to-net
calculation. Because the subclassifications such as overtime, sickness and accident benefits, and training pay must also be considered,
the segregation of classes has in the past involved complex documenthandling .operations and very often multiple, passes of the same data
in several operations.
With a large memory and the flexible control of stored program,
all classes are treated in a single' run in the modern data-processing
machine. Instructions stored in memory are used both to determine
the class and to carry out the appropriate processing on this class.
Multiple inputs and outputs. The consolidation of dat~ files is
possible in the large-scale data-processing machine because the storage density of magnetic tape permits a record length which is, for
practical purposes, unlimited. This very consolidation, however, in
a long sequential file containing a maximum of associated information concerning a given account, emphasizes the need to pass this information as infrequently as possible. This. is particularly true in
view of the fact that very often the active items in the file for a given
processing cycle are a small percentage of the whole file. Multiple
tape units provided on a large-scale data-processing machine permit
the matching of records from several sources in a single run. At the
same time, multiple output files may be generated. By associating
unit records from several input sources, all the data for a particular
operation cycle can be brought within the large memory of the machine at one time. The operations necessary to generate various forms
of output information can then be performed in one operation cycle.
For example, data from an attendance record and a voucher record
may be consolidated with data from a matching payroll record to
produce an earnings statement, a payroll register, and a check record.
For a given employee number, the data from these three sources can
be consolidated and used to calculate gross earnings and apply deductions to obtain net pay. In the same operation cycle, the employee
master record can be updated in year-to-date totals, bond balances, etc.
In order to accomplish the consolidation of data from 'multiple
sources containing a maxImum of associated information in: a given
record, it is, as implied in the previous paragraph, necessary within
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an operat~on cycle to recognize variations in the form and content of
input data. The logical choices possible in the stored program machine
with large storage facilitates the distinguishing of these variations.
The processing cycle should be designed so that operations are
performed on data from input sources to produce output information
required for implementing operating procedures. Consequently, all
presently existing reports must be examined critically. They may
have been required as justification for an intermediate processing operation on a segregated class of data. Simultaneous processing of
the varied classes is likely to remove such justification. '
Detailed listings which may have been necessary in a system involving multiple files are, in many cases, unnecessary because' of. the
consolidated master-file concept and the facility with which refererice
information can be obtained within the processing cycle. The ability
of the large-scale machine, through this logical capacity, to assume
routine clerical functions lessens the need for detailed .information
for manual reference. In designing a data-processing application, the
engineer should therefore not necessarily attempt to parallel or duplicate existing procedures in order to generate the same set of reports
and documents.
11.3

EXAMPLES OF APPLICATIONS OF LARGE-SCALE
DATA-PROCESSING MACHINES

To illustrate the efficiencies of a large-scale data-processing machine,
we shall use three case studies. Detailed planning and programming
of these systems have already been accomplished and the results
evaluated.
11.3.1

Company A: Life Insurance Policy Operations

When this insurance company opened its doors for business in 1875,
its bookkeeping was hardly a problem. Its first application was filed in'
a cardboard box and placed on a wooden shelf. Desks were pine boards
set on saw horses,' and one clerk kept all the records and prepared all
the policy.statements.
Quick reference to one file folder enabled the company to prepare
a premium notice, approve a change in the contract, calculate a reserve or a dividend, and accomplish nearly any other data-processing
task required in the fledgling organization.
Within ten years, however, the policy file had grown to 400,000
folders, and there were over $1,000,000 in company assets to keep track
of. Because all the postings and statement and check writing, as
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well as all calculations, were manual jobs entirely, it was becoming
obvious by this time that the single-policy folder file accounting
system was no longer meeting the company's requirements.
Perhaps it was some now obscure clerk with a fine Spencerian hand,
or perhaps it was a "mathematical genius" who could mentally calculate dividends quickly who first demonstrated the efficiency of the
specialization of function. At any rate, it became more and more
efficient to subdivide the office clerical functions. Proficiency was
achieved through this system of specialization, and the transmission
of data from one function to another was handled with the latest available recording tools.
When punched-card accounting machines became available, the company was quick to take advantage of the mUltiple operations they
offered. By this time, however, the volume of their operations was
such that, although the punched-card machines provided a way of consolidating, record-keeping functions were more effectively handled as
separate products.
Thus, the basic data about each policy, for example, was recorded
in several different files, and this basic system was maintained until
the ability to transmit and handle information electronically at extremely high speed made practicable a fundamental change in their
data-processing method.
The problem. The first major data-processing area studied and
programmed for large-scale electronic system application was the
ordinary policy operations. Already highly mechanized through conventional punched-card procedures, these operations are centered
around eight major files in as many separate locations (Fig. 11.1).
(1) Policy Master File. This is the basic file for all premium-paying
policies. It is maintained in district and policy number sequence.
Further, it is subdivided by cycle billing periods so that processing
can proceed on a relative~y level-volume basis. The principal output
of this file is the premium notice, when combined with the policy
holder's name and address file.
The limitation of the punched-card record length makes expedient
the separation of the accounting record and its respective name and
address record. In addition to its primary output, the file is used
frequently for general policy reference and contains the most up-todate policy detail. It might well be considered the "master file."
(2) Policy Address File. This is essentially a supplement to the
policy file and contains the current billing address for each premiumpaying policy. .
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(3) Billing File (due and unpaid). This file consists of one punched
card for each premium billed and unpaid. It is relieved as payments
are received and maintained in the same sequence as in the policy
file. Its primary outputs are statements of premiums collected, premiums due, and production reports by agent and office.
(4) Commission File. This file consists of. a punched-card record
for each premium-paying policy on which a commission is paid to
company agents on a level-contract insurance plan. Its basic product
is a periodic current-commission statement.
(5) Ordinary Dividend File. This file consists of one punched-card
record for each policy whose holder elected to account for his dividends due in anyone of six basic options not including automatic
reduction of premium. The main output is the dividend notice and
associated calculations and acc,ounting registers.
(6) Paid-up Address File. This file consists of punched-card name
and address records for all paid-up or nonpremium-paying policies. It
is associated with the dividend record file for the preparation of dividend notices.
(7) Loan Files. Divided into two sections, this file consists of a
ledger record for every current policy loan, arid a punched-card accounting record used to calculate and bill inte'rest payments. The loan
notice and its associated accounting registers are the basic output.
(8) Ordinary Register File. This file contains one manual card
record, i.e., not a punched-card record, for each policy. It is essentially
a chronological record of all policy transactions: It serves as the basic
random-access file for policy history.
.,
Objectives. The application of electronic data-processing systems
to commercial data-handling problems can be particularly well illustrated by the following fundamental objectives established for the
handling of the inquiry, maintenance, input, and product of these eight
files:
'
(1) Consolidate multiple files into a single magnetic-tape file.
(2) Minimize the number of processing steps, or passes, required
for particular data.
(3) Process several classes of information simultaneously.
(4) Eliminate intermediate results that have no operating application.
In this example, the consolidation of the' different punched-card
files, their associated record output, controls, and operations is the key
to the electronic system. This plan is entirely practicable except for
the ordinary register file which requires random access and which can
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be handled more economically on a manual-card basis. Because the
company delegates much of the current policy status to its field offices,
where duplicate policy history is maintained, the frequency of reference to the ordinary register file is low. The manual record, therefore, is relatively highly efficient.
Procedure. After having set the prime objective as consolidation, it
was found that all the file records, with the one exception mentioned
above, could be merged into one magnetic tape. Against this master
policy record, all types of activity can be applied and the corresponding
changes effected. The basic procedure required to accomplish this
follows (Fig. 11.2).
(1) The master policy record is read into the memory of the electronic data-processing machine, one record at a time.
(2) All policy changes and new business, recorded on tape in policy
number order, are read into machine memory from a second tapereading unit.
(3) All payments, recorded on tape from payment cards received
from the branch offices, are read into memory as the third tape input.
(4) If a change is indicated in record A, the change is effected and
the updated record transferred to the output policy master file. Where
no change is indicated, the entire input record passes intact into the
output tape. Accounting, machine, and systems controls assure the
accuracy of all tape processing.
(5) As the policy record is stored in the memory of the machine,
it is interrogated' to determine whether any premium, dividend, or
loan interest is due. If so, a notice record, containing all identifying
and quantitative data, is recorded in a consolidated output notice
record tape. Simultaneously, an accounting record, reflecting the condition, is produced as the third output tape.
(6) Whenever these changes, new business, premium billing, and
payment, affect commissions, an individual commission record is reflected on a fourth output tape. This tape also contains payment
status control of the policy master file and records of: overdue premiums; it reflects any discrepancy in input data. In addition, it contains summary information such as premium distribution by state by
class of business, and accounting and systems control totals.
(7) The output tapes are either converted into punched cards for
subsequent subsidiary machine processing or converted to printed results through a direct tape-to-printer operation.
Advantages. The effect of this consolidation of records is threefold:
simplification, speed, and a higher degree of accuracy.
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First, simplification: In addition to the obvious elimination of duplication of maintenance and processing brought about by the consolidation, the policy holders also benefit directly. A consolidated and
simplified notice replaces separate statements for premium due, dividends, and loan interest. Also, the branch offices benefit equally
from this comprehensive, simplified statement. Further simplification
is made possible by the logical decisions developed within the system.
For example, where contracts are sold that involve automatic premium
changes, this condition is conventionally determined by routine and
periodic examination of the actuarial records. The electronic dataprocessing machine recognizes and handles these changes automatically
as u- regular ,part of the routine processing. Redundant identifying
information needed. to tie in multiple records is eliminated, and file
maintenance is accomplished in a single operation. Finally, the several hundred punched-card machine and related manual processing
steps are reduced to approximately twelve under the electronic dataprocessing system.
Second, speed: Because of the high-speed processing, the time required for both inquiry andibaintenance of file records is tremendously
reduced.; For example, the machine will process a policy and record
all required output data, including all logical. decisions and calculations, in about 400. milliseconds. In addition, the lead time for the
preparation of all kinds of policy holder statements is greatly reduced.
The volume of statements and conventional.:.system time requirements
combine to impose an average of 10 weeks' lead time for statement preparation.. Lead time is cut to an average of 4 weeks. This significantly reduces the number of manual changes, such as addresses,
that have to be effected, with a corresponding reduction in the number of errors so incurred. This time and error elimination is also
reflected in the corresponding branch office operations. A reduction
of 10,000 manually prepared statements per month is made possible by
the speed of statement preparation and the resultant reduction of
lead time.
Third, accuracy: The application of record maintenance to one consolidated file in place of 'multiple files greatly reduces the exposure to
error. Because decentralized files are necessarily functionalized, the
data they contain are accurate, to a large degree, in direct relation to
the frequency of their use. For example, in one file, agent number
is used every month and thus its degree of accuracy is relatively high.
In another file, the same data, used only once per year, may contain
'errors that are undetected for long periods and thus may result in
costly error location and correction or in equally costly file mainte-
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nance. Because there is only one master file to maintain under electronic data processing, this problem of error correction is greatly eased.
In addition, as records are consolidated, the systems and accounting
controls are simplified. These controls are accumulated and applied
while processing takes place. The system is designed to detect automatically data input errors. All policy identification on current transactions must match the data on the master tape record before processing proceeds. Such errors are written out for subsequent manual
analysis and processing is not inhibited.
Any occasional machine error is detected and automatically corrected by the machine before any recording takes place, and ma1}Y
clerical or operator errors are prevented or detected automatically
before they enter the system. For example, the prevention of such a
simple error as loading the wrong input tape is handled in the following manner. The first record on each input tape is a "tape label"
containing details such as file name, serial number of tape reel, and
date. Instructions, previously stored in machine memory, test each
tape label. Any incorrect reel is detected immediately, the machine
stops, and the console typewrjter writes a message referring to the
error.
Finally, management expects to improve the factual basis for the
definition of standards in many operations. The large-scale electronic
machine can so speed the collection, classification, and display of data
that new techniques are offered for the incorporation of formulas to
indicate deviations from the norm or standard.
Operating characteristics. The operating characteristics of the dataprocessing machine on premium accounting using a single-address instruction system, variable field length and variable record length are
as follows:
Instructions
Total Instructions
Input Instructions
Output Instructions
Processing Instructions
To pass inactive records
To process 81% of active records
(Regular transactions)
To process remainder of active
records (involving exceptions)
Collating Ratio
One transaction to four master records
Master Record Length: 315 characters

5000
150
200
90
1260
3300 5000
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Company B: Automotive Spare-Parts Stock Control

This inventory encompasses 60,000 service parts for passenger cars,
trucks, and marine and industrial engines. The company sells these
parts to independent distributors, automobile dealers, and retail customers. Approximately 40 per cent of the parts are manufactured
by the company in its car-producing plants, and the remainder are
procured from vendors. In some cases several vendors supply the
same items.
The distribution of these parts emanates from three master warehouses. In addition, there are four outlying warehouses that stock
20,000 fast-moving items. Each warehouse supplies customers in its
respective area. All material is distributed to the four outlying warehouses from a central freight-forwarding station located at one of
the master warehouses. The daily volume is about 40,000 line-item
transactions per day, of which 32,000 are sales.
The problem. Each warehouse performs its own billing by punchedcard methods. The punched cards are forwarded to a central point
where the stock control records are maintained.
Each month's sales, receipts, and transfers are summarized by part
number. The summary is completed two weeks after the close of
the month's business. Individual stock ledger cards are posted and
manually reviewed for the required action~ All ledgers are filed in
part and warehouse sequence, which prohibits specialization of review
by type or classification of part.
When the method of manual review is used, several weeks elapse
before needed action can be recognized. After determination of a
needed action, a number of separate data files provide the additional
information required.
Objectives. The following objectives were established:
(1) Consolidation of all information required for any stock control
action into one master file.
(2) Consistent action for procurement and transfer (relatively inconsistent under manual review methods).
(3) Automatic and early incorporation of engineering changes.
(4) Automatic and early determination of procurement, transfer,
follow-up, and surplus actions.
Procedure. Input Data. All information, including sales history,
usage, costs, specification, procurement data, contained in the several
reference files is consolidated into a master stock status ledger, magnetic-tape file (Fig. 11.3). In addition, the file includes the current
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stock status for each of the 60,000 items and warehouse totals. The
individual records on the tape vary from 600 to 1400 characters.
A second input tape is daily sales, an automatic by-product of the
punched-card billing procedure. The following sales data are contained: warehouse, type of sale, quantity, part identification, date, and
invoice number.
The third input includes all transactions except sales, .including receipts, transfers, and adjustments. All input is in part number
sequence.
Output. The first output is a completely updated master stock
status record tape, which becomes the master input record for the
next day. Second is a distribution or sales summary tape which is
converted to a printed report. This is used to allocate material due
in at the central forwarding station for distribution to other warehouses,
to release back orders, and to expedite on order material. The third
output is a stock control action report. This record is produced only
when some kind of human action is required, and it contains all the
information necessary to complete any action without reference to
any other record (Fig. 11.4).
Program and Logic. The stored program calls for the input tapes
to be read one record at a time. After the first item is read from
the master tape, the first record from the transaction tape is read
and compared. If equal, the master record is increased or decreased
in the respective quantitative balances after the necessary arithmetic
such as price extension is performed. If unequal, all the data on the
master record pass unchanged into the updated output tape, and
the next stock item is read.. Similarly, the data from the sales tape
are posted.
The machine program is such as to make an average of twenty-four
decisions for each part number handled. In an average day's business,
10,000 parts are active. Thus, 240,000 decisions are made. These
may be classified into four groups: (1) procurement, (2) distribution,
(3) expediting, (4) distribution of surplus.
A typical example of a procurement decision follows: If the quantity
on order nationally plus the quantity on hand nationally is less than
the computed average of the last six month's sales multiplied by a
given factor, procurement action is required and a stock status report
is produced. Another example: If the quantity available satisfies
both national and local requirements, but the on-hand balance is
less than 30 days' supply for both conditions, a stock status report is
produced and directed to an expediter for follow-up.
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Finally, the machine automatically allocates parts received in stock
to back o~ders by date or age until the quantity allotted for back
orders is exhausted. Where the allotted quantity is insufficient to
cover all back orders, proportionate partial shipments are effected
automatically.
Advantages. (1) It is estimated that the electronic data-processing
machine can handle eight times as much of the total stock control
record keeping as the previous system.
(2) It is estimated that the speed of operation makes possible a
reduction of 3 per cent in the total inventory investment. The cost
of inventory maintenance may be estimated at 25 per cent per year.
For a $50,000,000 inventory, this represents a savings of $375,000 per
year.
(3) The logical abilities of the electronic data-processing machine
permit the vast maj ority of stock control decisions to be resolved in
formulas and programmed for automatic handling. This ability is not
judged so much in terms of the savings of clerical time as it is in the
elimination of error and the achievement of better control.
Operating characteristics. The operating characteristics of the dataprocessing machine for the inventory control application are as follows:
Instructions
2400
Total Instructions
Input Instructions
170
Output Instructions
90
Processing Instructions
To pass inactive records
300
To process 95% of active records
1490
(Regular transactions)
To process remainder of active records
(involving exceptions *)
350 2400
Collating Ratio
One transaction to six master records
Master Record Length: 700 to 1450 characters

* In this case an exception is defined as a transaction which will not occur
more than twice in one day.
11.3.3

Company C: Public-Utility Billing and Cash Accounting

Weare all familiar with utility billing, either from our experience
as students of data processing or as consumers who must pay the bills.
Therefore, the aims, scope, and requirements of data processing in
public utility are fairly well within our understanding. Simply stated,
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the principal task of the utility office is to account for every unit of
energy produced and consumed, and to turn out bills and records reflecting this consumption in a form in which the energy units are
converted to their dollars and cents value.

Premise
history
record

Meter
record
file

Credit
history
record

Advance
card
file

Installment
accounts
receivable

Meter
deposit
record

Prepared periodically ,for reference
Master
register

Abbreviated
register

Daily
change
cash and
orders
register

Monthly

Weekly

Daily

Fig. 11.5 Utility billing and accounting

Complexities arise in this basic process through the additional need
to measure and bill consumption for different classes of customers at
different rates, the sale of merchandise such as stoves and refrigerators, the adding and dropping of subscribers, and the many records
and reports necessary to the conduct of modern business. The primary
need is an accounting procedure that will be intelligible and swift to
the customer and collectible and routine for the producer. The
principal functions to ,be' performed are those of billing, accounting
for cash payments, and computing revenue and statistics (Fig. 11.5).
Billing. Several charges may be involved in the determination of
the final amount of a bill. Although the customer's use (units con-
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sumed) is the primary item, demand charges based on the highest
rate of use during the billing period is sometimes a factor. Local taxes,
arrears, merchandise purchases, and fuel adjustment charges are frequently encountered.
The charge for usage is determined from a rate schedule in which the
cost per unit decreases usually as a step function as the usage increases. In addition, schedules may be modified by special circumstances. An average company has eight rate schedules with five steps
or blocks in each schedule.
Consumption is figured by subtracting previous from present meter
readings. A so-called "hi-Io check" is made to determine whether the
calculated use is reasonable when cqmpared to previous period uses.
Assuming the figure to be correct, the proper rate schedule is chosen
and a table look-up executed. The proper block having been estab"lished, appropriate factors are applied to calculate the charge. Taxes,
arrears, and other factors are added to this figure to arrive at the
total bill. The bill amount and account number may be punched in
an IBM postcard with a detachable stub. The charges are printed
on one side of the card, and the name and address on the other. The
bill is then mailed to the consumer.
Cash Payments. The stub is detached by the customer and forwarded with payment for posting accounts receivable. Open accounts
must be reviewed periodically so that notices may be sent or special
action initiated on delinquent accounts. Open items are also picked
up during the following billing periods to provide the arrears charges.
Revenue and Statistics. Statistics are required at the time of billing.
Amounts, rate, use, type of customer, location, transformer area, and
similar information are recorded. These data are reflected in reports
such as revenue by rate, use by transformer area, and revenue by
type of customer. Revenue entries for the general ledger are also obtained at billing time.,
This review of basic billing objectives illustrates the necessity for
combining various types of information. A customer history is needed
to indicate rate, previous meter reading, and previous use. Accounts
receivable information is needed for arrears. Name and address information is required for mailing. Deposit and merchandise purchase
information may also be required. Delinquent notices necessitate
the merging of information from accounts receivable credit history
and name and address files.
Under methods other than employing magnetic tape, it is necessary
to maintain these various files separately and quite often in different
departments, because unit records of sufficient capacity are -impractical,
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and clerical decisions are often necessary to determine what actions are
to be taken. The burdens imposed because of these restrictions hamper
the handling of inquiries to an account· either from inside or· outside
the company. The maze of intercommunication for obtaining the
desired information is costly both from the' poiQt of view of personnel
involved and the introduction of errors caused by manual handling
of the files. The process of keeping duplicate files current creates
another problem. Notification of changes must be routed to six or
seven locations in many instances. The physical difficulties involved
in maintaining parallel files cause delays in the posting of charges.
When files are not up to date, subsequent corrections must be made.
Gathering the required files together to· perform the functions of customer accounting and the subsequent splitting apart of these files for
inquiry and maintenance are costly operations.
Objective. Magnetic tape, with its high-speed input and output
characteristics, places the following objectives within the grasp of
companies in the utility field using data-processing machines:
(1) Elimination of duplicate files.
(2) Reduction of file maintenance effort to a single file, electronically updated.
(3) Keeping files more current.
(4) Handling all exceptional billing matters without clerical intervention.
(5) Speeding up the preparation of bills.
(6) Economizing all office operations.
Coincident with obtaining these objectives, the capabilities of dataprocessing equipment allows consolidation of all identifying, historical,
accounting, deposit, consumption, and merchandising information regarding a consumer on a few inches of magnetic tape. The high speed
of tape reading in turn assumes that an average of thirty accounts
can be processed per second. The high speed, extensive memory, and
associated capacity for storing and executing a large number of instructions allow the equipment to provide more information sooner
and more often with far less clerical control and decision and with
greater accuracy at less cost (Fig. 11.6).
Procedur'e. To explain the flow of work, we shall use as an example
a company with 1,800,000 electric accounts. This company bills each
account every 40 working days. Approximately 50,000 bills and
60,000 payments are processed each day, and 2000 special and final
bills are required daily. ' Changes to the master file are also encountered at the rate of 9000 per day. Delinquent accounts require
3000 collection notices daily.

o

~

DAILY ACCUMULATED CASH RECEIPTS

.;,
;;c

o
()
m

c.n
c.n

Z
Q

»
."

ABBREVIATED WEEKLY ACCOUNTS RECEIVABLE REGISTER

."

r-

n
~

oz
c.n

MASTER CUSTOMER AND PREMISE RECORD
M

E
T
E

-

R

L
E
D
G
E
R

1ST
LINE

OIST.

ADDRESS
NUMBER

ST.

coor

CODE

TRANS-I
FORMER
BUS.
AREA

CODE

1,;1
I
I
PREVIOUS
REV. RATE
METER I CODES I DATE
I
CLASS

K

READING

I
PRESENT
I CODES I DATE
I

IRDI BILLI MO I DAY I I R O BILL I MO

METER DATA

2ND
LINE

NUMBER

I I I I I I
TYPE

SIZE

MFG
CO

TEST
DATE

LOC

YR
PUR

COST

METER
RENTAL
AMT

-

BALANCE

BR~

CR

DATE

GROSS

OVERFLOW
3RD

AMOUNT

I

~I
INTEREST

M

- 4TH

0

Y

USE

1

NET

I BILL
CO

INSTALLMENT DATA

.~'
M

2ND

3RD

4TH

5TH

6TH

7TH

8TH

9TH

10TH

11TH

12TH

3RD ITEM

1 GROSS 1
OR
DISC

0

Y

'II

MONTHLY
PAYMENT

LAST
PAYMENT

BALANCE

I. ,I

.1 DR

AMOUNT

MlolMIDIMlol

PURCHASE
PRICE

1ST

2ND ITEM
MISC DESCRIPTION
DUE DATE I FROM
I
TO

MO 0

DEPOSIT

PREVIOUS USAGES (PRORATE CODE AT LEFT)
KWHR

,I
SPECIAL
MINIMUM

CURRENT
DISC AL
CODE MO

3RD
LINE

J

'I

READING

DAY I

MISC DESCRIPTION
DUE DATE
FROM
TO

I

CR

MID

I

'I: ,I

TYPE CREDIT

M

I BILL
I'eo

1 GROSS 1

I

SPECIAL CREDIT DATA

~I'~'

CR
ITEM OVERDUE
CODE CODE AMOUNT

MID I MID

0

y

LAST CALL
STATUSI MID
Y

OR

AMOUNT

I~R
CR

DISC

IPREV.I
AOOR

CUTOFFY ICR CO
I1MID

MISC DATA
SP ACTION

LINE
NAME & ADDRESS
'--

Fig. 11.6 Magnetic tape records utility billing and accountmg

(.,)

t::l

328

AUTOMATION IN BUSINESS AND INDUSTRY

The forty billing cycles are divided into five major groups for processing purposes. Each group consists of eight billing cycles with
each cycle five reading days apart. For example, the first group consists of reading days 1, 6, 11, 16, 21, 26, 31, and 36 and the second
group of reading days 2, 7, 12, 17, 22, 27, 32, and 37.
In file maintenance, all accounts in the same group as the day to
be billed are updated. Thus, each account reflects current status every
5 days and can be selected for special or final billing. This 5-day
cycle also makes it possible to check for delinquency and send collection notices at frequent intervals. A brief description of each of
the ten daily runs follows:
Run 1: Batch-Balance and Sort. The tape is created from the cash
stub portion of an IBM postcard bill which is returned with the customer's remittance. During bill preparation, these are punched with
account number, type of payment, and the net amount of the bill.
They are ready for processing unless the customer makes an irregular
payment or does not take advantage of the discount.
The 50,000 stubs returned each day go through clerical batch con~
trol procedures and are then, along with cash correction cards from
the previous day, transferred to the daily cash tape.
This tape, in turn, is sorted during run 1 to arrange cash and
miscellaneous entries into account number order. Proof listings, produced in auxiliary tape-to-printer operations, meet the need for control figures and balancing.
Run 2: Merge and Select. The sorted cash tape contains entries for
all reading days. Since only one group of days is scheduled for file
maintenance, the cash payments for other days must be stored until
called for by the schedule. Also, 5 days having elapsed since the
selected group was previously processed, interim cash entries are
picked up. The accumulated unposted cash file is merged with the
sorted daily cash tape from run 1 to achieve this.
The reading day for each account from both tapes is interrogated
upon entering the machine. If the day in question is on the current
file maintenance schedule, it appears on the selected cash output.
Otherwise, it is transferred to the accumulated unposted cash tape.
Auxiliary tape-to-printer listing provides station clerks with reference
information for inquiry handling. ,The tape from which it is written
contains 200,000 items which are subject to the same electronic
scrutiny of succeeding days until selected for output on the cash tape
described in run 5.
Runs 3 and 4 perform the" same functions for change orders as
runs 1 and 2 perform for cash. These changes, approximately 1000
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dai,ly, include such things as final turn-offs, turn-ons, rate changes,
and address changes. Run 3 sorts changes to account number sequence. Run 4 merges these changes with an accumulated file of
unprocessed changes and selects those changes pertinent to the file
maintenance for a particular day.
Run 5 is the file maintenance operation. The master records for
the 8 reading days scheduled are on one input tape. The corresponding cash entries and changes selected on runs 2 and 4 are the other input
files. While the master files are updated by the change orders and the
balances are adjusted by the cash entries, several other operations
are performed.
First, tapes are prepared for register-listing the cash entries and
the details of open balances. Several types of delinquent notices can
later be prepared, depending on such factors as extent of arrears,
amount, and the customer's credit history. Rather than tie up a
separate tape unit for each requirement such as merchandise statements, charge-otis, and collection action, advantage is taken of the
m~chine'sability to consolidate all these activities on a single tape
during the file maintenance routine and later, on run 6, to separate
them into their proper categories. The other tape outputs are the
main tapes of the file maintenance run-the updated master records
for accounts to be billed and the updated records not in the current
billing period.
Run 6 accomplishes the necessary separation and editing of various
classes of data that were consolidated on one tape during the file
maintenance operation. The combined records enter the machine
on a single tape, and separate tapes are produced for meter testing,
accounts receivable control, collection records, charge-offs, and requested copies of master records. These new tapes are used for further
input or.in auxiliary tape-to-printer and tape-to-card operations for
production of the final papers involved.
Run 7 sorts the meter-reading records from the field into account
number sequence. This is a simple, straightforward machine operation
involving, at the first stage, prepunched cards pencil-marked with
present meter readings. After the pencil marks have been automatically translated into punched-hole form, the cards to be billed
for the day and any special reading cards for the other seven reading
days in the group are combined for card-to-tape conversion and subsequent tape sorting into account order.
Run 8 combines the upqa,ted master records and the meter-reading
records. All computations necessary for billing are performed. Con-:
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sumptions are computed and hi-Io checked to insure accuracy of readings. Where discrepancies are encountered, estimations are made on
the basis of both the readings for the past year and seasonal factors.
Rates are selected and charges computed from internally stored
schedules. All billing data are recorded in the new master records.
Field calls and memos generated during the performance of this run
are recorded on a tape which is subsequently converted to cards.
Run 9. On run 9, the information necessary to prepare the bills is
extracted from the new master records. It is arranged for tape-tocard conversion. Once converted, the cards are processed on standard
punched-card machines. The result is a postcard bill with a punched
stub. The stub, punched with amount and account number, is returned
with the customer's payment and is used in the posting of cash as
described in run 1. A bill register tape is prepared which is subsequently printed in an auxiliary operation. Copies of the register are
used as a reference document by the station clerks to answer inquiries. Another output from this run is the revenue and· statistics
tape, used to obtain accounts receivable entries and statistical reports.
A summary tape is updated daily, and reports are produced for management on a monthly schedule.
Advantages. This description has been kept brief and general so
that the overall results could be evaluated. The programs stored
within the memory of the machine test the data for application of appropriate measures to such variables as multiple meters, credit history,
mailing address different from meter address, present usage greater
or less than previous usage, sliding rate schedules, meter changes, and
similar departures from the norm. This decision-making ability-the
so-called "logic" of the machine-ascertains which of many electronic
paths the data should follow; what computations to include or exclude; and where to store or record the results. The machine program
indicates in detail the discrete steps that must be taken in every case
so that each transaction will be processed according to its needs.
Perhaps the most significant indication of what electronic data
processing means to a utility is drawn from a recent newspaper story.
Executives of a utility told the news reporter that electronic data processing is expected to speed up office operations so that bills will be in
the mail within two days instead of the five now required. Furthermore, an estimated annual savings of three-quarters of a million dollars is expected.
Operating characteristics. The operating characteristics of the dataprocessing machine for the file maintenance application are as follows:
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Instructions
4000
Total Instructions
Input Instructions
400
Output Instructions
680
Processing Instructions
To pass inactive records
25
To process 61 % of active records
(Regular transactions)
200
To process remainder of active records
(involving exceptions *)
2695 4000
Collating Ratio
One transaction to seven master records
Master Record Length: Minimum
202 characters
Average
240 characters
Practical Maximum 1000 characters

* The most complex exception required 804 program instructions to process
on an automatic basis.
The operating characteristics of the data-processing machine for
the bill calculation application are as follows:
Instructions
4500
Total Instructions
Input Instructions
180
Output Instructions
213
Processing Instructions
To pass inactive records
200
To process 68% of active records
(Regular transactions)
350
To process remainder of active records
(involving exceptions *)
3557 4500
Collating Ratio
Nine transactions to ten master records
Master Record Length: Minimum
202 characters
Average
240 characters
Practical Maximum 1000 characters

* The most complex exception required 1200 instructions to process on an
automatic basis.
11.4

CONCLUSION

In the preceding section, we have illustrated how the principles of
data processing can be applied to problems which involve large volume
and which represent the work of existing departments. The applica-
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tion of the large-scale machine became efficient through consolidation
of files, the processing of several classes of information simultaneously,
and the production of all operating reports simultaneously.
11.5

REFERENCES

1. Business Applications of Electronic Machines, an annotated bibliography,
prepared and published by Controllership Foundation, Inc., One East 42nd Street,
New York 17, N.Y.
2. Data Processing Digest, published monthly by Canning, Sisson and Associates, 914 South Robertson Boulevard, Los Angeles 35, Calif.
3. Electronics Reference Handbook, a compilation of twenty papers on commercial applications 'of electronic data processors, American Management Association, March 1, 1955, 330 West 42nd Street, New York 36, N. Y.
4. Papers presented at the American Management Association Conferences,
October 20-22, 1954, New York, and February 28, March 1-2, 1955, New York.
5. Papers presented at the Joint Computer Conferences, March 1-3, 1955, Los
Angeles, and December 8-10, 1954, Philadelphia, Pa.
6. Peter B. Laubach and Lawrence E. Thompson, Electronic Computers: A
Progress Report, Harvard Business Rev., 120-128, March-April 1955.
7. Richard F. Clippinger, Economics of the Digital Computer, Harvard Business Rev., 77, Jan.-Feb. 1955.
8. Trends in Computers: Automatic Control and Data Processing, Proceedings
of the Western Computer Conference, February 11-12, 1954., Los Angeles.
9. Proceedings of the Western Computer Conference, February 4-6, 1953, Los
Angeles.
10. Herbert J. Groelinger, Inventory Control under the Program-Usage-Replenishment System Defined for Electronic Processing, Nat. Bur. Standards Rept.
3651.
11. E. F. CooleY"Electronic Equipment Applied to Periodic Billing, Computers
and Automation, 2, No.8, Nov. 1953.
12. Cuthbert C. Hurd, Automatic Digital Computing in Engineering, Applied
Mechanics Rev., 269, July 1955.'
13. Cuthbert C. Hurd, Computing in Management Science, Management Sci.,
1, No.2: 103-114, Jan. 1955.

12.
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Flight
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Control Specialists, Inc.
Inglewood, California

12.1
12.1.1

INTRODUCTION

General

From the earliest times, man has dreamed of flying. During the
past fifty years this dream has become a reality; and as the size and
speed of aircraft increased, the development of automatic flight control became a necessity. Elementary forms of automatic flight control date back to within ten years of the Wright brothers' first flight.
Today, automatic pilots are standard on almost every type of commercial and military aircraft. The first automatic pilots were essentially devices to improve aircraft stability and thus relieve the
pilot from the requirement of continuous concentration. The modern
autopilot not only must provide short-term stability but must be
adaptable to long-range navigations and automatic landing as well as
handle stabilized turns, altitude control, and compensation for widely
varying aerodynamic characteristics encountered in the changing conditions of modern flight.
The advent of the guided missile has given perhaps the greatest
impetus to automatic flight. Although small drones or missiles were
developed during the first World War, they were never used in combat
until World War II. Several missiles with automatic control features
333

334

AUTOMATION IN BUSINESS AND INDUSTRY

were developed in this country during World War II. It was the
successful operation of the German V-l and V-2 missiles, however,
that brought home a realization of the full potentialities of guided
missiles.
A general problem of systems engineering is the synthesis of a
mechanism to control automatically a physical element in a specified
fashion while operating in an environment containing restrictive and
disturbing influences which tend to upset the desired system performance. In the case of automatic flight control this problem can
be resolved to one of building a system capable of achieving, in the
presence of various aerodynamic and command disturbances, an actual
airframe flight path consistent with some desired traj ectory; this system must utilize equipment enclosed largely in the airframe itself.
This is a formidable problem, basic to flight itself, as is attested by
. the fact that the major technological feat of the Wright brothers was
one of attaining a craft and control configuration which man could
control in the presence of disturbing wind forces. Aircraft and gliders
flew fairly well before the Wrights' accomplishment, but men had
enormous difficulty in controlling them. Today, after some fifty
years of progress, the flight control art is in a situation similar to
that confronting aviation's pioneers, for high-performance, mannedaircraft configurations are very difficult to control without automatic
aids, and unmanned aircraft or guided missiles require a complete
substitute for the pilot.
Fortunately, automatic flight control techniques have advanced,
as part of aviation's general progress, to the point where automatic
controls can be made available for augmenting or replacing the pilot's
effort wherever required. Almost all modern high-performance
manned aircraft have a full complement of automatic flight devices.
These devices include: automatic pilots for navigation and general
pilot relief; associated autopilot-command system couplers for automatic approach, tracking, guidance, etc.; and stability augmenters
suitably coupled with an artificial "feel" system to help the pilot
when he wants to fly under manual control. Even newer developments control the entire flight plan from ramp and take-off to landing, taxiing, and back to the ramp, with the pilot merely acting as
a monitor to take over when something goes wrong. Just a few
years ago the autopilot was installed as an accessory system for
pilot relief. If used at all, the pilot turned it on cautiously, while
staying alert and ever-ready for instant disengagement. A few years
hence some particularly daring flyer may even more timidly turn off
his automatic flight control system just to see what will happen.
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The guided missile, by virtue of its name alone, has required an
automatic flight control system from the outset. Here, as in manned
aircraft, the overall flight control system usually has many subsystems. These are tied into the basic autopilot and provide coupling
of the flight control system to the command or guidance device, thrust,
and cruise controls, etc. As would be expected, the flight control
system of a guided missile is strikingly similar to that of a manned
aircraft from a general, overall standpoint, but it may be very dissimilar in detail. The major reason for both the similarity and differences is the application of the system concept, which requires a
specifically designed control system for a given task, performance,
and environment.
12.1.2

The Specific Flight Control Problem

In the automatic flight control case, the quantity to be controlled is
normally the flight path of the aircraft, which is dependent upon
motions of the craft. Control forces and moments are imposed
upon the airframe by actuating the control surfaces, which conventionally consist of the elevator, rudder, and ailerons or composite
control surfaces such as elevons, and special-purpose surfaces like dive
brakes. In some instances thrust direction and magnitude changers
are also used as elements to apply control on the craft. Various types
of servomechanisms are used to actuate these controls; sensors are
used to detect the motions of the airframe, and suitable equalizers and
amplifiers are placed between the sensors and servo actuators to enable
suitable overall system operation.
The logical approach to any control design problem stems from a
consideration of the characteristics of the command inputs, the controlled system, the disturbances and environmental conditions, and
the desired overall operation. (See Chapters 3 and 4.) The physical
quantities to be controlled should be identified and the means established for imposing control upon the controlled system. The ability
and means used to measure physically the controlled variables and
to actuate the mechanisms which apply control to the controlled
element should then be carefully considered.
The command input which sets the mode of operation is derived
from a guidance or reference element. The difference between the
input and the feedback signal calls for either maintenance of or a change
in the flight path of the aircraft. When the difference is zero the
craft is usually controlled in a level flight attitude. A difference other
than zero calls for a turn, a climb, or a dive. The controlled system
is, of course, the airframe, which also is a major contributor to the
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environment in which the control equipment must operate. The disturbances may be due to unwanted portions of the command input,
noise, atmospheric forces acting upon the airframe, and miscellaneous
unwanted inputs generated or imposed upon various items of the controlequipment.
.
From the introductory statements above, it is apparent that a
reasonable approach to take in describing the general aspects of automatic flight control is to discuss the following topics, which constitute
the next five sections of this chapter: (1) characteristic motions of
the airframe, or the dynamics of the controlled system; (2) environmental conditions imposed upon equipment by the airframe; (3)
typical sensing elements; (4) typical actuating elements; (5) equalization and amplifying elements.
When the characteristics and environment of these "components"
of automatic fiight control systems are understood, it is then possible
to discuss their general arrangement in the form of typical systems.
This is done in the seventh section of the chapter.
12.2

CHARACTERISTIC MOTIONS OF THE AIRFRAME

An aircraft in flight may be thought of abstractly as a velocity
vector in space, having both a direction and speed of travel. Considering the craft as a rigid body, the airframe then has 6 degrees
of freedom, corresponding to rotations about and translations along
its three axes.
To establish a reasonable reference frame for the description of the
craft motions, imagine a rectangular coordinate system fixed in the
airframe with the origin at the center of gravity. With the airframe
in wings-level straight equilibrium flight the X axis will be directed
in the direction of the relative wind; i.e., the equilibrium velocity
vector of the craft will be along the X axis (see Fig. 12.1). While
this axis is established along the relative wind for the equilibrium case,
it is fixed to· the airframe and will not be aligned with the relative
wind (total airframe velocity vector), when the craft is disturbed
from equilibrium. The Z axis is directed downward (aligned with
the gravity vector if the craft is in wings-level horizontal straight
equilibrium flight), and the Y axis sideways out the right wing. This
axis system creates a reference frame, fixed in the craft for anyone
equilibrium flight condition, which is essentially that of the pilot if
he were at the center of gravity. Hence, the forces, moments, and
motions measured relative to it are essentially those observed by
the pilot. With the reference frame· established the components of
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the motion of the aircraft's velocity vector can be resolved into (1)
yawing rotations, rotations about the yaw or Z axis; (2) pitching rotations, rotations about the pitch or Y axis; (3) rolling rotations, rotations about the roll or X axis; (4) forward velocity, linear velocity
measured along the X axis; (5) side velocity, linear velocity measured
along the Y axis; (6) downward velocity, linear velocity measured
along the Z axis.
Relative wind

~
Rolling

X (Roll axis)

veloc~,
~

Forward velocity

Y (Pitch axis)

-e---P'itching velocity
Side velocity

Downward velocity

f
I

Yawing velocity

Z (Yaw axis)

Fig. 12.1 Airframe axis system in equilibrium flight

Functions of all these quantities are capable of being measured in
the aircraft itself by instruments properly aligned with the axis system fixed in the craft.
When the aircraft is disturbed from equilibrium flight its velocity
vector will 'no longer be aligned along the X axis, and a pilot sitting in
an open cockpit will feel the relative wind shift from directly head-on
to some other angle. This requires the definition of two more angles
to orient the aircraft velocity vector relative to the axis system fixed
in the airframe.
These angles are shown in Fig. 12.2. In the YZ plane the angle between the relative wind and the velocity vector is called the angle of attack; in the XY plane the equivalent quantity is called the sideslip angle. These quantities cannot be measured directly by equipment
within the airframe but rather require a sensor mounted externally
on the craft, with the sensor's reference position fixed along the X axis.
The angle of attack, as defined here, is dependent upon the downward
velocity measured along the Z axis; the sideslip angle is similarly dependent upon the side velocity.
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The forces acting upon the airframe are of several varieties; the
inertial, centripetal, and gravitational forces are direct, but complicated, functions of the angular and linear velocities and accelerations
measured about and along the X, Y, and Z axes. The aerodynamic
forces are dependent upon the angles of attack and sideslip, as well
as the various velocities and accelerations measured in the X, Y, and
Z system. The detailed form of these forces and moments is quite
complex, and discussion of them is beyond the scope of this chapter.
The natural modes of motion of the aircraft arising from these forces

z
z
Fig. 12.2 The airframe in disturbed flight

and moments are of great importance, however, and require description, if not detailed technical explanation.
When an airframe of a fairly conventional configuration is flown
in wings-level straight flight, the fact that the aircraft is symmetrical
about the XZ plane gives rise to an approximate separation of aircraft
motions into those of the longitudinal variety and those of the lateral
type. The longitudinal motions involve pitching-, forward-, and
downward-velocity changes. The lateral motions involve rolling-,
yawing-, and side-velocity changes.
In a conventional aircraft flying at subsonic speeds, disturbances in
the longitudinal axis give rise to two oscillatory motions if the controls are fixed. The first of these is a very long-period (in seconds,
about one-fifth the true air speed in miles per hour), lightly damped
oscillation called the phugoid. Physically this motion is a cyclic
change of potential to kinetic energy involving fairly large oscillatory
changes in forward speed, pitch attitude and altitude, with essentially
constant angle of attack. The second motion is a relatively fast,
fairly well-damped oscillation called the short period. In a crude
physical way, this oscillation is similar to one that would be ob-
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served if a weathervane were displaced and then released. The shortperiod motion has large changes in pitch angle and angle of attack,
with essentially no change in forward speed. Typical time histories
of these motions are shown in Fig. 12.3.
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Fig. 12.3 Longitudinal time history

There are three more or less characteristic lateral motions in subsonic flight, the spiral divergence or convergence, the roll subsidence,
and the Dutch roll oscillation. The divergent spiral mode is made
up of a slowly diverging, ever-increasing yawing and banking motion,
ultimately ending in a rolling dive. In some instances, this motion
may be convergent, in which case the pilot would note a gradual directional subsidence to the previous equilibrium position after encountering a side gust. The roll subsidence is a mode associated pri-
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marily with the rolling behavior of. the aircraft and is described largely
by the time lag in attaining a nearly steady~state rolling velocity
after a step application of the ailerons. This time lag is principally
due to ·the large damping moment generated as the wing rotates and
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Fig. 12.4 Lateral time history

the roll moment of inertia. The Dutch roll mode is a lightly damped
yawing, rolling, and sideslipping oscillation similar to the short-period
mode in the longitudinal instance. Figure 12.4 illustrates these motions for a typical airframe. In addition to these lateral motions it
should also be noted that the airframe is neutrally stable in heading.
At transonic and supersonic speeds, and in unconventional aircraft,
the "nominal" longitudinal and lateral modes of motion may be
modified considerably from those discussed above. For' example,
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longitudinally either the phugoid or short-period oscillations may be
replaced by ever-increasing diverging motions coupled with subsiding
ones. In other cases the! short period may be very lightly damped or
divergingly unstable. Laterally, the damping of the Dutch roll mode
is often negative, resulting in a diverging oscillation. The spiral and
roll subsidence motions sometimes couple and form a low-frequency
oscillation which is occasionally divergent and is akin, in some ways,
to the longitudinal phugoid motion. As a final example, there are
often severe coupling effects between the lateral and longitudinal
motions caused by gyroscopic-like phenomena occurring at large rolling
velocities. Besides augmenting the control engineer's vocabulary with
new descriptive words like "tuck under," "pitch-up," "wing drop,"
"supersonic yaw," "inertial coupling," etc., these transonic and'supersonic effects have added a new dimension of difficulty to the flight
control problem.
The simplified picture given above of the complicated dynamics of
an uncontrolled airframe leads immediately to the conclusion that the
characteristics of the craft alone may be highly deficient from the
stability and control standpoint, and that a prime objective of any
automatic flight control system is the modification of some of these
characteristics.
The dynamic characteristics discussed above are basically those of
a specially shaped and powered rigid body in space (though the lowfrequency effects of elastic deformations usually alter the basic motions
Table 12.1
(Basic) Output Quantities,
Longitudinal
u forward velocity
w vertical velocity
q pitching velocity
ax forward acceleration
a z vertical acceleration
a angle of attack
() pitch angle
Output Quantities, Lateral
side velocity
p rolling velocity
r
yawing velocity
ay side acceleration
1/1 yaw angle
cf>
bank angle
{3 sidesli pangle

Actuating Quantities

OE elevator deflection
OB fighter brake deflection

Actuating Quantities

v

oA

aileron deflection

OR rudder deflection
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slightly) . The actual airframe is generally a light structure, deliberately designed to be relatively nonrigid, and hence has many more
degrees of freedom than the six considered here. These additional
degrees of freedom are the so-called aeroelastic modes, which are generally of much higher frequency than the rigid body characteristics.
The aero elastic modes are often of importance in a detail system
design and should not be ignored in that phase of the systems engineering effort.
A summary of airframe output quantities capable of being used
for control of certain modes and the actuating quantities suitable for
imposing control is given in Table 12.1.
12.3

EQUIPMENT LIMITATIONS AND ENVIRONMENTS IMPOSED
BY THE AIRFRAME

The components utilized in an automatic flight control system are
quite similar to those used in many other control applications. However, the special environment encountered by virtue of the equipment
being installed in an aircraft requires some attention.
The equipment environment created by the airframe is particularly
troublesome because of the extremes of pressure, temperature, and
vibration encountered in the craft, both in operation and when on
standby. When the necessity of extraordinary system reliability is
also realized (there being no maintenance men around when a missile
or manned aircraft is airborne), it places the component design task
at the very fringe of the state of the art. Add to these considerations
the necessity of minimum weight and volume, ability to resist large
accelerations or shocks during launching or landing, and suitability for
servicing by technicians located anywhere in the world, and it becomes apparent that the designer is faced with a most challenging
problem!
Besides the more general aircraft and missile equipment problems
indicated above, the flight control component designer has several
other difficult areas he must consider. A large number of these are
unique to aircraft, though some are present in many other highperformance servosystems. A partial listing of these special problems is presented below.
(1) The frequency response of the sensing and actuating elements
must be properly tailored from an overall system standpoint. For a
high-performance flight control system the following points should be
considered.
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(a) From airframe rigid-body considerations, the actuating servomechanism and sensing elements should be fairly well damped and
should possess response characteristics having natural frequencies
several times that of the highest-frequency airframe mode to be
controlled. The primary reason for providing such a large margin
is to minimize the effects upon overall system performance of
changes occurring in the airframe motion characteristics as the
flight condition is changed. If these frequency responses are not
tailored in this fashion, there may be severe and complex requirements placed upon elements that change the gains and equalizations
of the flight control equipment as functions of flight condition.
(b) To avoid inadvertent coupling with the airframe motions
caused by its lack of rigidity (the so-called aeroelastic modes), any
resonant peaks in the positional servo or sensing element frequency
responses should be well damped, well separated from the airframe
nonrigid-body modes, and properly placed in frequency relative to
these and other overall system high-frequency characteristics.

(2) On positional servomechanisms used directly to deflect an airframe control surface or reaction control, the following more or less
steady-state airframe characteristics create important servomechanism
requirements.
(a) Maximum control deflections for airframe control, which are
determined by considering the full range of flight conditions and
airframe configuration variables for all the required maneuvers.
(b) Maximum control speeds sufficiently great to allow rapid
airframe response to command inputs or rapid recovery from the
most severe disturbances.
(c) Maximum actuator hinge moments, which must be large
enough to provide adequate dynamic and steady-state (trim) control of the craft.

(3) The nonlinear characteristics of the flight control equipment
require special consideration. N onlinearities of a ~hreshold and
hysteresis nature are of great importance from the standpoint of limit
cycles and control sensitivity. Deliberate introduction of limitingtype nonlinearities, such as torque, velocity, or motion limiting on the
servo actuator, are often required for safety reasons or to avoid excessive power supply weight and volume. As a matter of practical
experience, it can possibly be stated that nonlinearities of one form or
another are the major headaches of the system engineer in the development phase.
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12.4

TYPICAL SENSING ELEMENTS

The automatic control of any process requires suitable sensing devices to measure either the output variables, or quantities which are
functions of the output variables, and to convert these measurements into usable signals for cont:l~ol. In the flight control situation,
the sensing elements of importance are instruments capable of measuring functions of the aircraft's motions. This section will be concerned with the problem of sensing the airframe output motions requiring control; it will include a brief general description of the principal characteristics and operations of typical sensing elements.
The airframe angles, velocities, and accelerations which it may
be desirable to sense for particular applications are summarized in
Table 12.1 (Sec. 12.2). The ability to pick up these quantities will
be discussed for each of the sensors considered.
12.4.1

Rate Gyros

A rate gyro is a gyroscopic element restrained to move in only one
degree of freedom (Fig. 12.5). The single gimbal houses a highspeed rotor and is restrained by a spring or equivalent device. When
the gyro case is rotated about the sensitive axis (normal to the plane

Rotor

SPina~

,/'

Fig. 12.5 Typical rate gyro
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of the gimbal ring), the high-speed rotor acting as the gyroscopic
element creates a precessional torque which is proportional to that
portion of the case angular velocity normal to tlle plane of the
gimbal. The gimbal ring then deflects until the spring-restraining
torque exactly balances the gyroscopic torque. In the steady state this
gimbal deflection is proportional to the angular velocity about the
input sensitive axis. A suitable pickup may be placed between the
gimbal and the case to measure this deflection. Since an applied
angular velocity measured normal to the base of the gyro case is approximately equal to that normal to the plane of the gimbal (a small
error is present due to angling of the gimbal ring), properly mounted
rate gyros can be used for the direct measurement of angular velocity
about any given airframe axis.
By adding a damping restraint on the gimbal ring, the rate gyro
damping may be increased. Further, by modifying the form of the
restraint, the gimbal deflection can be made a different function of
the input angular velocity; for example, by using only a damper, the
gimbal deflection becomes proportional to the integral of the input
angular velocity.
When applying a rate gyro to the automatic control of aircraft, it
should be remembered that friction and other nonlinearities give rise
to a threshold sensitivity within which no rate is detected. Further,
the rate measured by the instrum,ent is that local one normal to its
gimbal plane, so location in the airframe is an important factor, particularly in the less rigid high-performance craft of today and the
future.
12.4.2

Amount Gyros

An amount gyro consists of a rotor spinning at high speed and
mounted in a gimbal system intended to give complete angular freedom
(Fig. 12.6). In a perfect gyro any motion of the case causes the
gimbal system to move in a fashion which maintains the direction of
the spin axis fixed in space. Suitable pickups arra:nged between the
inner and outer gimbal and the outer gimbal and the case allow the
measurement of particular airframe angles. For example, if the
gyro shown in Fig. 12.6 were mounted in an airframe, in straight and
level flight, so that the outer gimbal bearing axis and rotor spin axis
were aligned with the airframe's X and Z axis,' respectively, then
pickup 1 would measure pitch angle and pickup 2 would measure bank
angle. A similar s~tup could be used to measure yaw angle or to
establish a heading reference.
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In the practical gyro, inaccuracies in properly locating the center
of gravity of the gimbal system, friction in the pivots, and the departure of the gimbal rings from a mutually perpendicular relationship cause difficulties which tend to give undesirable readings over a
long period of time. Further, the datum supplied by the amount
gyro (the spin axis) is one fixed in space, although an earth reference

Pickup 1

~
~llllIlIiI!~
y::;

Inner gimbal)
bearing axis

Fig. 12.6 Vertical amount gyro

is more desirable. On the other hand, the gyro readings are highly
accurate over a short period of time.
To alleviate these difficulties and take advantage of the desirable
features of amount gyros, a weak monitoring system may be used
in conjunction with torque motors applying torques to the gimbal
rings. (A torque applied to one gimbal causes precession of the' other,
similar to the action of a rate gyro.) To obtain a vertical gyro the
usual method is to attach the gyro-torqueing (erection) system to a
two-degrees-of-freedom pendulum or accelerometer; a directional reference can be established by utilizing a magnetic field detector for the
monitor. The gyro systems then act as extremely low-frequency
mechanical filters.
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When the aircraft is in other than straight and level flight, the
angles measured by the gyros are no longer proportional to simple integrals of the aircraft angular rates. This condition often requires
complicated interaxis connections to allow the performance of even
such simple maneuvers as a coordinated turn.
12.4.3

Accelerometers, or Force Pickups

An accelerometer is essentially a spring- and damper-restrained
mass of one form or another, such as that shown in Fig. 12.7. Other

Fig. 12.7 Typical accelerometer

typical examples used in aircraft control work are pendulums and
spirit levels. If the natural frequency of the sensing device is much
higher than the frequency content of the input, the displacement of
the mass is proportional to the acceleration applied along the sensitive
axis. The same device can be used as either a displacement or velocity
pickUp for inputs with different frequency contents. Probably the
simplest description is that the device measures a function of the applied force. For flight control purposes a force pickUp can be used
for the measurement of side, forward, or vertical accelerations acting
at various locations in the airframe. Since these quantities are proportional to functions of the applied air forces, in those conditions
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where the air forces are a dominant function of a particular airframe
motion variable, the force pickup can give a reading which is an approximate function of that dominant airframe motion variable. For
example, a side accelerometer mounted at the lateral center of percussion gives a reading which is a strong function of the side force
on the aircraft due to its side velocity and, hence, is a fair indicator
of sideslip angle. Indeed, the familiar "ball" of the bank and turn
indicator has long been considered by pilots to be a measure of sideslip.
12.4.4

Local-Flow Direction Detectors

To measure directly such quantities as angle of attack and sideslip
it is necessary to measure the direction of the relative wind. Since

Fig. 12.8 Vane

the presence of the airplane seriously affects the air flow, the best that
can be done normally is to detect the direction of the local flow
at some appropriate spot on the aircraft and then compensate the in-
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strument reading to obtain an approximation to the desired quantity.
These direct means, such as vanes (see Fig. 12.8), probes, dual-pressure
pickups, etc., all suffer from two basic faults.
(1) The readings must be extensively calibrated, or averaged over
a number of installed units, to obtain the desired results.
(2) The instruments must be mounted externally to the airframe,
or at least require external connecting tubes.
Because of these disadvantages this type of device has been used
only for special applications, though they are becoming more popular
as system configurations depart more and more from the rather staid,
relief, autopilot variety.
12.4.5

Local-Flow Magnitude Detectors

The types of instruments which may be used to measure the magnitude of the local air pressures, both ram and static, are very im-

Total

pressure

Static

pressure

Fig. 12.9 Pitot tube

portant in many flight control problems. From the magnitudes of
the local pressures" properly compensated sensing elements can give
indications of air speed, altitude, and Mach number. These indications are used both directly for control and occasionally as input elements for gain-compensating devices. This latter use is becoming more
and more important as aircraft operate over a wider range of speeds
and altitudes, thereby requiring, for an optimum airframe-controller
system, automatic adjustment of the controller characteristics to compensate for changes occurring in the .airframe motions as flight condition changes.
The usual type of local-pressure instrument consists of a pitot
tube installed externally to the airframe, the sensing instrument usually consisting of a bellows-linkage combiI).ation and air lines connecting the source and the instrument. The·pitot tube, shown typically
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in Fig. 12.9, is located at a favorable spot on the aircraft, is directed
along the approximate X axis, and picks up both the local total and

Pickoff

Fig. 12.10 Altitude control

Static
pressure

Fig. 12.11

Machmeter

static pressures. Air lines connect the pitot head to the instrument.
In a conventional altitude sensor, Fig. 12.10, only the static source is
attached to the instrument. In a Machmeter, Fig. 12.11, both static
and total pressures are required. Both instruments employ a bellows
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system coupled with linkages to amplify the bellows displacement into
a motion sufficiently large for convenient pickup devices.
Several other types of local-pressure ~evices are occasionally used,
including indicated air speed and true air speed sensors. Some of
these require nonlinear linkages and special compensation techniques
to obtain the desired output.
Local-flow magnitude detectors have several sources of error which
must be considered. A primary "error" is inherent in the positioning
of the pitot head on the craft and the fact that only local instead of
free-stream conditions are being sensed. If extreme accuracy is required in this regard, extensive flight calibration is necessary. The instruments themselves possess threshold and hysteresis nonlinearities
which are sometimes troublesome, as are the transmission lags in the
air lines connecting the pitot tube and the sensor.
12.4.6

Other Sensors Commonly Used

In the foregoing portions of this section the emphasis has been
placed upon some of the more common sensors utilized in flight control work. A discussion of this nature would not be complete, however,
without mentioning such devices as terrain clearance indicators, instrument landing approach systems, fire control and guidance computers, etc., which are often used to supply "command" signals into
the flight control system. The major conceptual differences between
"sensors" of this variety and the ones more thoroughly described
above are that these devices are sensitive to other quantities, such
as the motion of a target, as wep as to the airframe's motions. Because of this, an additional outer loop is introduced which includes the
automatic flight control system as an inner loop, or subsystem, of the
overall system.
12.5

TYPICAL ACTUATING ELEMENTS

The surface-actuating systems on most flight control systems consist of high-performance positional servomechanisms. Electromechanical, hydraulic, and electrohydraulic actuators are all well represented
in present systems, with the current trend being heavily toward the
two latter varieties, since they more easily satisfy projected high-load,
high -response requirements.
In many modern manned aircraft the flight control system actuation
element consists of two separate devices, a surface actuator, usually
of the fully powered, hydraulic type, and a controller actuator. The
surface actuator is often a simple but high-performance valve-cylinder-
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linkage combination, capable of amplifying pilot effort, or controller
actuator effort, to the level required to control the surface position.
The controller actuator is a much smaller servomechanism used to
actuate a portion of the airframe's control system inboard of the
valve of the surface actuator.
Controller actuators may be physically connected into' a primary
control system in two ways. The first, called a parallel connection, is
the conventional installation for automatic pilot servomechanisms.

Fully powered
surface control
actuator
Cables to

Fig. 12.13 Series connection

The second, called a series connection, is used intensively for stability
augmenter applications. In the parallel connection, Fig. 12.12, the
pilot and the control actuator operate against the same loads and,
consequently, any movement of the actuator produces a corresponding
movement in the pilot's cockpit controls. The series installation, Fig.
12.13, is so arranged that the fully powered, hydraulic surface actuator
valve, and hence the surface, is moved without disturbing the pilot's
controls.
The design of a manned-aircraft surface-actuating system is fairly
complicated since it must be designed for both satisfactory airframepilot and airframe-automatic controller operation. Many elements,
such as artificial feel devices, may be required for the pilot-airframe
system whereas they may only complicate automatic operation. Certain other requirements, such as minimum backlash,' may be less
stringent for manual control than for automatic. operation.
The rather obvious requirement for compatibility' of the manual
and automatic systems, and the unwanted duplication 'of system ele-
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ments, such as actuators, has created a fertile field for the application
of the. systems engineering doctrine of integration. Considerable ingenuity has been and is continuing to be used in the detail design
of integrated manual-automatic flight control systems, and in integrated components for these systems. Examples of equipment falling
into the latter category are various multifunction actuators which
combine into one structure the functions of the parallel (autopilot),·
series (stability augmenter), and surface actuators.
The actuating elements for missile applications are usually less
complex than those for manned aircraft. In the majority of instances
the controller actuator and the surface control actuator are the same
unit, though on larger missiles the two may be separated to obtain
sufficient output. The actuating system for a missile is often simpler
to design than that of a manned aircraft, since no consideration need
be given to a pilot. However, some missile applications, where a pilot
would be unable to fly the missile, require extreme dynamic and loadcarrying capabilities of the servomechanism.
12.6

EQUALIZATION AND AMPLIFYING ELEMENTS

The previous sections have considered the characteristics of various
elements involved in automatic flight control systems. The components discussed have all been either relatively unalterable, or
alterable only by choice between different items of the same general
class. In particular, the airframe characteristics are essentially unalterable in any major way after a certain stage of the airframe's
design. The sensors and actuators are alterable only by selection or
development of another sensor or actuator. Consequently, although
not as fixed as the airframe, the possible sensors and actuators are
members of a narrow class of equipment.
The aim of any automatic control design is the integration of components into an optimum functional system. In the initial phases of
the design, the designer must
(1) Compile and establish system requirements.
(2) Synthesize a system. meeting the requirements; i.e., select and
integrate components into the functional system. In this process, the
designer, must, to some extent at least,
(a) "Live with" the unalterable element.

(b) Select, or design, the best quasi-alterable elements for the

particular job.
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(c) Design equalization and amplifying elements to tie the unalterable and quasi-alterable elements into a well-integrated and
functional system meeting the system requirements.

Nothing has been said, to this point, about the main alterable elements, the equalizing and amplifying devices. There is, of course,
an excellent reason for this, since the characteristics of the equalizing
and amplifying elements are almost completely determined by the system requirements and the characteristics of the unalterable and quasialterable elements. As explained in Chapter 3, a very large portion
of the system design procedure is concerned with the problem of
determining the required equalizer characteristics.
To determine the best estimate of the required equalizing and amplifying characteristics, a series of detailed studies are performed
utilizing all of the more useful methods of experimenting with mathematical models, particularly root locus, frequency response, and analog
computer techniques. Even in the earlier studies as much physical
system information is used as possible, including all important nonlinearities. As physical equipment is built up, si~ulator techniques
begin to carry a heavy load, ultimately leading to system tests with
an analog computer being used to simulate the airframe and some
sensors, with all other components being the actual physical parts.
Fairly major changes can be expected in the detailed equalization and
amplification requirements as these synthesis processes progress.
Equalizing and amplifying elements for automatic flight control
systems have been made using a wide variety of techniques. The
most common arrangements have involved vacuum tubes, although
magnetic amplifiers have been used by some manufacturers.
Most manufacturers of automatic flight control systems have used
vacuum-tube techniques involving 400-cycles-per-second signal circuits, with demodulators and passive networks and/or instrument
servomechanisms to provide equalization. For applications requiring
extensive and complex shaping, all d-c signal circuits are becoming
more prevalent. In the latter case, the equalizing and amplifying
elements are basically a permanently wired analog computer, with
heavy emphasis being placed upon reducing the number of operational
amplifiers by utilizing passive networks in both feedback and input
positions. An example of an autopilot using this technique is shown
in Fig. 12.14. Magnetic amplifiers have their major application in
flight control systems as servo amplifiers, power supplies, and modulators.
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Transistor replacements for vacuum tubes and magnetic amplifiers
as well as special transistor designs are receiving a considerable amount
of development effort at the present time and in the near future will
undoubtedly be used a great deal. In addition to these developments,
some efforts are being made to employ very different techniques, such
as hydraulic equalizing and amplifying elements.

Fig. 12.14 Autopilot equipment (Courtesy Control Specialists, Inc.)

12.7

ILLUSTRATIVE FLIGHT CONTROL SYSTEMS

In this concluding section, the previously described components will
be brought together to form two illustrative systems. The discussion
on each will be confined to a presentation of the general situation confronting the system designer, a block diagram showing the general
system configuration, and a discussion of its major features. In order,
the systems to be discussed will be a sideslip stability augmenter for
a manned aircraft, illustrating a single-axis controller, and a simple
two-axis controller for a radio-controlled missile. Much more complicated missile and manned-aircraft automatic flight control systems
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are the rule today, but the systems shown are suitable for illustrative
examples.
12.7.1

A Sideslip Stability Augmenter

In most high-speed jet aircraft the lateral oscillatory mode of
motion (Dutch roll) is poorly damped. A small flight disturbance can
excite this motion to the extent that the airframe oscillates almost
continuously in a combination of rolling, yawing, and sideslipping
motions.
Such undamped oscillations are undesirable from the standpoint of
pilot comfort and safety and are to be avoided or eliminated wherever
possible. If the oscillations occur only at fairly low frequencies, the
pilot may be able to control the motion, but only by extreme concentration. If they occur at higher frequencies, his reactions will not
be sufficiently fast to damp the oscillation, and if he attempts to
do so he may actually cause the motion to become divergent.
In order to eliminate such deficiency in handling qualities, it is
necessary to increase the Dutch roll damping. Theoretically this can
be done for an airplane. still in the design stage by increasing the
fin size or some similar structural change. Actually such changes are
generally impractical from the standpoint of their effect on airplane performaJ?ce and efficiency, and some "artificial" means of
improving the damping must be used.
The mechanization of most aircraft fire control computers assumes
that the aircraft sideslip angle is zero. Therefore, when flying an
attack course, the pilot must continuously divert his attention from
the target and glance at the ball of his turn and bank indicator to
make sure that he is coordinating all three surface controls during
the maneuver.
A system providing aileron to rudder cross-feed, so that a perfectly
coordinated two-control attack course can be flown, is therefore desirable to increase the effectiveness of the pilot-airframe combination.
A sideslip stability augmenter system, as shown in Fig. 12.15, automatically damps Dutch roll, provides two-control maneuverability,
and eliminates sideslip. The sideslip stability augmenter system accomplishes this through components which perform the same function
as does the pilot when he is centering the ball of his turn and bank
indicator. The major difference between the augmenter and pilot is the
greatly increased sensitivity and speed of response of the augmenter
system.
An accelerometer senses the lateral acceleration of the airframe,
as does the ball of the turn and bank indicator, and produces an elec-
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trical signal proportioned to this acceleration. An aileron potentiometer
senses the amount of aileron deflection
and provides an electrical signal to the
rudder servomechanism proportional to
this aileron deflection. A compensation and equalization network provides
the required judgment for the correct
amount of surface displacement necessary for the given flight configuration.
A servomechanism translates these signals into mechanical movement which
causes the rudder to be deflected sufficiently to keep the ball of the turn and
bank indicator centered.
Thus, sideslip, Dutch roll, and the
problem of coordinating turning maneuvers are eliminated and the airplane
becomes essentially a two-control (aileron and elevator) system.
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12.7.2 A Two-Axis C~ntrol System for
a Radio-Controlled Missile
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In many missile applications exceptional airframe-controller dynamic performance is not required; the ability to
launch the craft and then fly it in a
straight line at constant altitude and
to introduce climb and dive and leftand right-turn commands are the major
requirements. In these instances an
autopilot actuating only two axes is
often acceptable. The selection of the
elevator for longitudinal control is obvious.
Since launch performance
against asymmetrical winds is best
with a tight roll control, the aileron is
the selection for lateral control.
With a stable Dutch roll mode, the
chief lateral-control problems are to
(1) obtain a tight control of roll in the
presence of asymmetrical winds; (2)
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stabilize the spiral mode of the airframe; (3) provide for turning the
aircraft when commanded via a radio link. A simple and straightforward solution to these lateral-control problems is shown by the
block diagram of Fig. 12.16.
In this system a vertical amount gyro and a roll rate gyro are used
as basic sensors to provide the basis of a high-gain roll loop. With
proper system adjustment, the roll axis of the craft is tightly stabilized against the effects of disturbances. A simple relay setup can
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Fig. 12.16 Lateral-control block diagram

be used to introduce a roll angle command resulting in a constant roll
angle and hence a steady turn rate.
In the longitudinal axis the maj or system requirements are even
simpler than those of the lateral axis. Here the objectives are to (1)
stabilize the attitude of the craft; (2) provide for climbing and diving
the aircraft when commanded via the radio link. If the short-period
and phugoid motions are both stable and well separated in frequency,
the pitch signal from the vertical amount gyro is often all that is
required. If the airframe is more contrary, a pitch rate gyro is
.added for stabilization at the higher frequencies, e.g., increasing the
damping of the short-period mode. This latter system is shown in
Fig. 12.17. The configuration of the longitudinal system shown
is similar to that of the lateral controller, and climb-dive commands
can be introduced in an analogous fashion.
The simple missile control and stabilization system discussed here
has a minimum of equipment and is capable, for some airframe configurations, of performing the desired tasks without additional ac-
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cessories. As the aircraft flight regime is broadened, gain changers
and command limiters variable with flight conditions become necessary. In some instances 'it may even be found that the entire
system layout requires revision for satisfactory operation between the
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Fig.12.17 Longitudinal control block diagram

entire flight boundaries. For example, a very unstable Dutch roll mode
would usually require the addition of a rudder axis controller, with
additional necessary complications being required for the proper introduction of turn commands.
12.8
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13.1

INTRODUCTION

We have all seen significant progress in automation made by the
oil, chemical and similar fluid-handling industries, but there has been
relatively little progress made in the fabrication industries. In general,
the processing industries have been able to develop continuous processing techniques and thereby automate the entire industry; but the
fabrication industries have been using batch production methods and
have lagged quite a bit behind in the development of automatic
fabrication techniques. It was not until well after the second World
War that much effort was expended by the electronics industry in
developing automatic production techniques for the production of
electronic equipment.
The electronics industry, which has aided in the mechanization or
automation of so many industries, is in the role, we, might say, of the
cobbler's son who goes barefoot. The recent concentration of effort
to develop automatic production techniques to reduce costs and increase the availability of electronic equipment is, of course, the result of the increased importance that electronics occupies in today's
economy.
The Armed Forces, with its dependence on electronics for guided
361
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missiles, proximity fuses, communications, automatic fire control, and
endless other applications, would, in an all-out national emergency,
demand more production than present facilities can provide. A figure
of at least sixty billion dollars a year has been estimated. This is
ten times our present production rate, and we shall no longer have
two and a half years to reach our maximum production rate as we did
during World War II; hence, the military's interest in automation
stems from the requirement of immediate availability of equipment
without the disadvantage of storing large quantities of equipment
which may become obsolete before they are ever used.
The stringent military requirements for reliability and performance
under adverse conditions have created a major problem in respect to
design and production. In addition, the reduction in size of electronic
assemblies has required more precise placement of components and
much more skill during many stages of the fabrication process. The
limitations of the human assembler can become a very important
factor in determining the availability of the product. Not only are
we facing a situation in which the demand for electronics is increasing,
but, by comparison, the complexity of electronic equipment is becoming
even greater. In the military field, a B-36 depends upon about 2000
vacuum tubes for its navigation and control. The F -86 has about
600 vacuum tubes. Interceptors equipped for all-weather flying and
landing require even more than 600 tubes. A modern battleship
uses nearly 9000 vacuum tubes. Another factor contributing to the
expansion of the electronics industry is its habit of infiltration into
new fields such as biophysics, and many others; for example, the
Atomic Energy Commission alone spent over $50,000,000 for essential
electronic controls in 1950 and 1951.
The growth of the civilian market has been just as phenomenal.
Ten years ago, television was practically nonexistent; last year, approximately seven million sets were sold for about two billion dollars.
A survey of the electronic data-processing market shows that in less
than ten years it will become a billion-dollar-a-year business. Electronics has just begun to make itself felt in the field of industry control.
Faced with this future, the industry also is coping with increased
labor problems and the need for more efficient utilization of its present
plant layout. The complexity of electronic equipment has increased
the cost of training personnel, the incidence of rejects on the production
line, and maintenance problems in the field. The requirements for
the production of electronic equipment have far outgrown the early
stage when it was simply a matter of designing a circuit and soldering
component leads together. Today, equipment fabrication requires a
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closely integrated procedure of materials selection and processing,
mechanical and thermal design, and correct component application.
One answer to providing quantity and quality at minimum costs
appears to be the application of automatic production techniques.
Aside from reducing costs from acceleration of production rates, automation of the production line would (1) improve and simplify quality
control by maintaining uniformity of products; (2) reduce manpower
requirements, particularly the skilled workers needed to put the assemblies together; (3) produce around the clock; (4) aid miniaturization by reducing tolerance and allowing components to be placed closer
together, since all components and leads are in precise orientation and
location; (5) reduce production time lag; (6) conserve materials and
increase effective production by minimizing rej ects and waste of materials.
Once management decides that automation may be a possible solution to gaining or keeping a share of the market, this decision influences the entire mode of operation of the organization from top to
bottom. Much tighter coordination must be maintained, for now
management decisions are much more far-reaching and much less
flexible. With the advent of automation, the three areas of production-product design, materials processing, production machinery employed-become even more closely interrelated and must be considered
as a single mechanized production system with the closest working
harmony maintained between the three areas. The experience of one
fairly large manufacturing company shows that in order to get the
necessary coordination between the various departments, the president of the organization had to set up a facilities committee consisting
of all department heads affected to study the market for its various
products; then the committee related expected profits to the capital
investment necessary to produce these products by an automatic production line. This committee studied general plant design and procurement of facilities and all phases of manufacturing from market
surveys, styling trends, product design and development, production
scheduling, to warehousing.
This steering committee found it was necessary to set up a separate
working group consisting of styling specialists, research personnel,
product development engineers, methods and materials people, tests
and specifications engineers, and procurement and scheduling personnel.
This "super" engineering department, we might say, had control of the
tooling budget, which meant that it had cognizance of production engineering and could control the purchase of equipment and production
machinery. We do not usually think of procurement and scheduling
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as an engineering function, but when an automatic production line is
tooled up, it becomes a catastrophe if only a single part is missing;
the entire line must be shutdown becaus~ an automatic production
line does not have the flexibility of partially completing an assembly
while waiting for the missing part. Eyen if this were possible, the
rates of production usually associated wIth the automatic production
line are such that it would be completely impractical to warehouse
the partially completed assemblies. One large television manufacturer
mentions that during a good week their mechanized production line,
which is still rather crude. compared to the automatic lines used in
other industries, could produce 20,000 sets. Thus it becomes necessary
to ship· the products directly off the end of the production line; otherwise there would be acres and acres of television sets.
Perhaps the most difficult part of thinking in terms of automatic
production is recognition of the fact that the product or the fabrication
process, or both, must be completely changed in order to make automatic production feasible. It appears that the most productive approach is to observe the function of the product and attempt to build
a product that will perform this function by the use of automatic
production ma~hinery.
Before automatic production of electronic equipment becomes
feasible, it is necessary to establish standards for the fabrication processes, the design and construction of the product, and the materials
used.· The machine designer must know what sizes and configurations of components the various machines must handle. When the
product designer designs electronic equipment, he must know· the
range of capabilities of the various fabrication machines. The components manufacturer must kno'Y how to design his components so
that they will be acceptable to the electronic-equipment manufacturer
who uses automatic machinery. Organizations such as the RadioElectronic Television Manufacturers Association are struggling with
the problems of providing standards for the industry. The machinetool manufacturer, electronic-components manufacturer, materials supplier, and the electronic-equipment assembler are trying to arrive at
suitable compromises on standards for (1) manufacturing tolerances
for component lead and body dimensions; (2) indexing mechanisms;
(3) materials for printed circuit plates; (4) circuit layouts; (5) automatic inspection and test methods; and a multitude of other considerations.
It appears that the synthesis of an automatic production system
can best be achieved by applying the same means used in building
modern electronic equipment, such as digital computers; i.e., by using
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unitized functional packages as building blocks. The automatic production line or system can then be composed of functional unit machines interconnected by work-handling systems. The basic requirements for a practical approach to the development of an automatic
production system to meet the economic and technical requirements
may be summarized as follows.
(1) The functional machine units must be suitable for insertion into
existing production lines gradually in the evolutionary process toward
complete automation; i.e., building blocks for the automatic line must
be versatile machine tools.
(2) The functional machine units must have sufficient flexibility so
that new materials and components may be used, e.g., the substitution
of a printed resistor for a prefabricated component.
(3) The production line must be flexible in handling a range of .
work and materials so that there can be rapid conversion of the line
from the manufacture of one package to another; that is, the automatic
line should be able to produce subassemblies of radios, television sets,
and public-address systems, as well as walkie-talkie sets and radar
and fire control equipment, with a minimum of retooling and shutdown.
(4) The production system must have sufficient versatility to accommodate a wide range of production lots economically, e.g., 100 radar
intermediate-frequency strips to 100,000 table-model radios.
(5) A production system must have the maximum of reliability.
(6) The controls for the production line must be sufficient to insure high-quality performance of the product.
(7) The economic considerations relating the firsksix requirements
to the cost of production must be sufficiently attractive to develop
managerial interest.
13.2

APPROACHES TO AUTOMATION BY THE
ELECTRONICS INDUSTRY

In the past the electronics industry has been very reluctant to
automate its operations. Since the electronic-equipment manufacturing industry is one of low capitalization, comparatively speaking, it
has been very reluctant to exchange girls, soldering irons, and wooden
benches for expensive and complicated machinery. With the coming of
age of the electronics industry, it is just beginning to harken to the
possibilities of automatic production techniques. So far, in the automatic production of electronic assemblies, no one method of applying
circuits or components has shown overwhelming advantages over
others; but on one point there is agreement-practically all approaches
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to automatic production use as a basis the graphic-arts processes
such as etching, embossing, stenciling, plating, and others for the
fabrication of the conductive patterns and resistive elements. In general, there are two distinct approaches to the automatic production of
electronic assemblies used in radio and television, automatic control
equipment, and radar, which make up 60 per cent of all electronic
equipment. These electronic assemblies handle signal level or the
low-power range, direct current to 100 megacycles, and require low
voltage. One approach is taken by the equipment assembler and the
other by the component manufacturer.
The main emphasis of equipment assemblers has been on eliminating
the wiring operations. Since manual wiring represents a large portion
of the assembly costs and becomes an intricate and delicate operation
for miniaturized equipment, it is not surprising to find that the first
attempts at mechanization are toward removing this operation. A
patent was issued in 1929 for a dip-soldering process. The component
manufacturer has, in general, used his knowledge of processing raw
materials such as carbon, resin, ceramics, and many others to form
circuit elements and package them into an electronic subassembly
as part of the assembly operation. Thus, silver paste is stenciled on
a, ceramic material, then fired to form the conductive patterns, and
carbon and resin mixtures are stenciled and baked to form the
resistive elements.
The equipment assembler's approach to automatic production, that
is, mechanized or manual insertion of prefabricated components into
a printed circuit board, has the advantage of versatility of product design and application in that a wide variety of tried and true components
are available. It has the additional advantage of requiring the minimum amount of equipment to start automatic production, for individual machines may be inserted into the manual production line whenever
it becomes economical to do so. The line control and quality control
requirements are relatively simple. In many cases, these line controls
are no more than interlock switches and relays to insure that the component is correctly inserted before the circuit board is moved on to
the next station. Although some systems claiming more versatility
do require complex control equipment, it is doubtful that very many
production lines to build electronic assemblies would require complex
computer and programming, systems. Either the simplicity of the
operations or the complexity of the production equipment required
to use such computers makes it uneconomical for most commercial
applications. The manufacturer must be careful not to overdo in using
electronics; simplicity and economy must be the watchwords.
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Preliminary economic evaluations of this first approach have shown
that the assembly cost has been reduced by 60 to 80 per cent compared
to the manually assembled unit. This represents a maximum savings of 24 per cent of the manufacturing costs since the materials
cost of the assembly is approximately 70 per cent of the total cost.
Thus, the savings effected by the mechanized insertion of prefabricated
components onto printed circuit boards is only a good start toward
the savings that will be ultimately realizable. In some cases, the
increased cost of materials practically makes up for the savings effected
in assembly.
To make further savings, we must automate the fabrication of these
electronic components which make up most of the costs for the manufacturer. The problem must be solved by a basically new approach to
component fabrication rather than by automating present production
machinery. The components engineer, the electronics engineer, and
the machine-tool manufacturer, working together, have pointed the
way by coming up with products that are equivalent or superior to
the conventional components and are designed for automatic production. Some examples of this new approach are the stacked tubes
designed so that the tube elements are essentially discs stacked one
on top of the other between spacers. The disc-shaped tube elements
can be fed from magazines which orient and index them for machine assembly. The sliced-coil technique for the fabrication of lowpower transformers may revolutionize the transformer industry. No
amount of automating present coil-winding machinery would have so
simplified the winding of coils to the same degree as slicing cylindrical
rolls of copper foil interleaved with an insulating sheet into thin spiral
coils which can be machine assembled for the transformer coils. As
each component is developed and proved satisfactory, it may be substituted for the component originally designed for manual assembly.
Thus the advantage of using prefabricated components is maintained;
that is, the component may be preselected and pretested before insertion. By such means as these just described, the costs for components can ,be greatly reduced.
The second approach of fabricating the electronic component as
part of the assembly process appears to be a possible long-range approach for most electronic assemblies. Such fabrication methods as
screening silver paste on a ceramic base for the conductor and carbon
mixtures for the resistive elements have the advantage of low materials
costs and simplification of the production processes; also, individual
adjustments can be made as the component is fabricated. Materials
in critical shortage are not required. For the present, adequate produc-
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tion techniques must still be worked out, and the selection of components is limited. These production techniques are now being used
primarily in consumer products where production tolerances and operating environments are not too stringent. The development of more
stable components will no doubt extend the use of these types of
printed circuits.
As the electronics industry has matured it has come to recognize its
responsibility for· providing reliable service. In fact, the industry's
future growth depends on this. Thus, all new components and techniques should be closely scrutinized. This brings up the most critical
of problems in automatic production, that of quality control and production testing or inspection. This is the heart and brain of the
automatic line. We must develop methods for quickly and automatically checking the quality of materials or components in process and
testing the performance of the completed electronic package. The difficulty of the problem lies not so much in the building of automatic test
or control equipment, but in determining what physical characteristics
are to be measured to provide a key to the reliability of performance
of the component or the assembly. The RETMA and many manufacturers of test equipment are working on the problem of what to
test and how to test the materials or electronic package while in
process.
As we devote more effort to studying new materials and applying
fruitful thinking unencumbered by conventional practices, it is not
beyond the realm of reality that we may be able to form the circuit
elements on an insulating material guided by machines which check
each element and make the necessary adjustments to produce an electronic assembly that will perform reliably and have an operating life
that is no longer measured in hours but in years. All this will be done
in a production line untouched by human hands.
For the time being, let us give up our dreaming and return to reality
to see what industry has been doing. At the present there are over
twenty major programs on the development of automatic production
techniques for electronic equipment. It is rather difficult to select
just a few of these for description, but I have chosen the following on
the basis given. The Sargrove automatic production machine was
chosen because it is the first modern attempt toward the automatic
production of electronic equipment, and we can learn quite a bit from
the trials and tribulations that Mr. Sargrove had to endure. The
work done at the Stanford Research Institute was selected because it
is the most comprehensive program on the study of automatic production techniques and will serve to bring out the many problems as-
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sociated with automatic production. The program at the General
Electric Company will serve to illustrate the problems of versatility
for small-lot production versus complexity of the machine. The assembly lines at General Mills, Inc., Mechanical Division and United
Shoe Machinery Corporation illustrate the most simple and popular
approach being taken now by many manufacturers, such as Admiral
Radio, Sylvania Electric Products, and others now developing their
own production machines. The Tinkertoy project at the Bureau of
Standards illustrates the approach taken primarily by the components
manufacturer. Among the other major pioneers in the field is Melpar,
Inc., which is developing a component-attaching machine for smalllot production. This machine is not as complex as the General Electric
equipment but more complex than the United Shoe equipment.
13.3

THE STANFORD RESEARCH INSTITUTE STUDY OF
AUTOMATIC PRODUCTION TECHNIQUES

In spite of the intense interest of large segments of the electronic
industry, each potential user of automation will approach this new
venture with caution and will have to be convinced that the savings in
time, money, and manpower and the improvement in quality of the
product are really worth while. In the final analysis, the desirability
of any automatic process is determined by its techno-economic advantages. This consideration was borne in mind during the planning
of the program on investigation of automatic production techniques
for electronic equipment sponsored by the Wright Air Development
Center at the Stanford Research Institute. The general objectives
of this program are:
(1) To develop interest and cooperation among the industries involved to solve the problems inherent in automating the production
of electronic equipment.
(2) To help the electronics industry to recognize the applicability
of the technological developments made in other industries such as
materials processing and graphic arts.
(3) To determine requirements for an automatic production system
that would minimize production time lag for military procurement and
would also manufacture consumer products economically.
During the initial phase of this long-range program initiated in 1951,
a questionnaire was sent to more than a hundred industrial concerns
engaged in the manufacture of electronic components, materials processing, electronic equipment assembly and design, and the manufacture
of machine tools, and to many major electronic-equipment users to
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determine the degree of automation in use and to review some of the
problems. By the end of 1954, most of the military agencies concerned and over a hundred manufacturers were visited to discuss the
problems of automating the production of electronic assemblies.
In the past, mechanization was achieved by determining the processes
and materials used to manufacture a single product. Thus the possibility of rapid obsolescence deters general acceptance of automatic production techniques. In the approach taken by the Institute, special
emphasis was given to those construction techniques which were adaptable to mechanized construction of a variety of consumer products
and premium-quality equipment. In the attempt to establish technological feasibility supported by economic justification, all the elements of production must be studied as a system. The best approach to evaluating the related factors of fabrication method, materials and components used, and machinery employed is to choose a
series of package designs or trial assemblies representative of widely
used military and commercial equipment and consider the problems
encountered in fabricating these by the hypothetical line. The configurations chosen consisting of thermionic tubes with associated resistors, transformers, capacitors, and relays not only represent radar
intermediate-frequency strips, fire control video amplifiers, and walkietalkie sets, but must also represent table-model radios, television
sweep circuits, and industrial control equipment as well.
One of the very basic decisions affecting the electronic package design was the determination to use components now available or those
having only minor modifications. This approach to automation is
justified not only from the considerations of using simple machinery
and making gradual changes, but also from considering the production
tolerance and reliability of prefabricated electronic components now
available. At the present state of the art of component manufacturing, it is necessary to prefabricate and inspect components before they
are delivered to the automatic production line.
Although the emphasis of this program was primarily concerned with
automating the fabrication or production operations, to achieve the
truly automatic factory, equal emphasis must be put on automating
the supporting functions which are concerned with data handling.
This opens up the practically untouched field of mechanized data
processing and paper handling for inventory control, materials dispatching, production scheduling, accounting, and a multitude of other
monitoring activities.
Figure 13.1 shows the first trial assembly or product design to be
evaluated. The circuits in this assembly may be considered as typical
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for low-power, video-frequency range, and for signal-level applications
using only resistors and capacitors as circuit elements. Although
there was no special effort made to miniaturize this assembly, it weighs
less than three-quarters the weight of the conventional unit and its
volume is about one-half that of the conventional unit. This package
configuration was determined primarily by the method of air cooling

Fig. 13.1 First trial assembly or product design used to set up problems for the
evaluation of an automatic production line-the design of the product, the handling of electronic components

and the use of miniature tubes. By arranging the tubes on top, the
high-heat dissipation elements are effectively isolated from the rest
of the assembly.
The major aspects of a complete production line have been worked
out on paper. Such a line would include preparation of etched or
printed circuit boards, component attachment, soldering, assembly,
testing, and packaging. The initial operation consists of cutting the
copper foil and plastic laminate to form the baseplate; then holes for
mounting components and indexing are punched. At this point the
baseplate appears as shown in Fig. 13.2. An etchant resist of a wax
and solder flux mixture dispersed in a volatile liquid is heated and
sprayed onto the copper foil through a steel stencil held in place by
a magnetic chuck. The steel stencil is cleaned and recirculated for
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Fig. 13.2 Circuit baseplate with all holes for mounting components punched

Fig. 13.3 Etched circuit board formed by the wax flux resist method
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use again. The baseplate is drawn through the acid bath and
the unprotected copper is dissolved. Then the baseplate is rinsed
and passed through a neutralizing bath. At this point the circuit
pattern is complete as shown by Fig. 13.3. Next we come to the heart
of the automatic line, that of attaching the resistors and capacitors in
Component supply magazines

Attaching
head

Transfer
mechanism A

Dispenser

Transfer
mechanism B
Forming tool

Lead straightening
and cutoff tools .

Fig. 13.4 One design of a component-attaching head which will insert a sequence
of components on the circuit board

the circuit. The components inserted by the automatic componentattaching machine (CAM) were tested 100 per cent and loaded in the
magazines automatically; then the magazines were delivered to the
component-attaching machine by a conveyor. Figure 13.4 shows a design of an attaching head. A trigger mechanism places the components
in correct sequence on the component conveyor so that they are fed to
the inserting forks in the right order. The component-attaching head
trims and forms the leads, inserts them into position on the baseplate,
and clinches the leads to hold the components in place at the rate of
two components per second. After the base plate passes through the
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first several CAMs, all, the resistors and capacitors are installed. The
tube sockets and potentiometers are then riveted in place. When all
the components have been installed, the baseplate is transferred to a
dip-soldering tray which runs on a trolley. The trolley lowers the

Fig. 13.5 Miniaturized airborne assembly showing types of components handled;
the circuit board is laid out flat to facilitate installation of components' by the
attaching machine

assembly into the molten solder bath and effects soldering of all the
leads at one time. This operation takes from 3 to 10 seconds, depending on the size of the circuit assembly. After soldering, the excess
flux and wax are cleaned off. Circuit continuity is checked and
assembly is transferred to a workholder which clamps the assembly in
a single plane. A punch press cuts off the tabs in the baseplate, thus
allowing for folding later on. After application of protective masks, the
protective coating and fungicide are sprayed. The mask is removed

AUTOMATIC PRODUCTION OF ELECTRONIC EQUIPMENT

375

and the frame is riveted onto .the baseplate. The folding machine
rotates the rigid laminate 90 degrees and rivets it to the frame. At
this point all of the fabrication has been completed and the subassembly is ready" for the oven where the protective coating will be
cured. External mounting screws are installed and the tubes are in-

Fig. 13.6 The miniaturized assembly is completed by installing the frame and
folding the circuit board into an L-shape for mounting; to facilitate dip soldering, the circuit pattern is on the side away from the components

serted into the sockets. Tube shields are installed and the entire assembly is given a performance test and sent to the packaging machine.
Although this description is for the fabrication of the trial assembly
shown in Fig. 13.1, to show the versatility of the line to accommodate
changes in product design and to handle widely different component
sizes and shapes, the miniaturized assembly shown in Figs. 13.5 and
13.6 and the assembly shown in Figs. 13.7 and 13.8 can also be fabricated with only minor relocations of the equipment and retooling of the
automatic line. Such multilead components as relays, right-angle
tube sockets, delay networks, and pulse transformers can be indexed
and inserted without difficulty.
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. ,As we can see by the number and types of operations described,
there are a multitude of problems to be solved before we have an

Mounting holes also used
as indexing holes

Fig. 13.7 Components installed on flat circuit board, components include delay
line package, relays, and right-angle tube sockets

Fig. 13.8 Circuit boards'mounted on frame which is also used as heat conductor
to a sink for conductive-type cooling

automatic production line. Effort has been concentrated in four
areas of this production line. First, a wax flux etchant resist (a protective film spray) was developed for spraying through a steel stencil
or for use with a silk-screen printing machine because available
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resists were not suitable for use with an acid etchant and are difficult
to remove. Wax hardens quickly and will melt in the dip-soldering

Fig. 13.9 Laboratory model of continuous etching equipment containing evaporation to recovery copper in the form of copper nitrate and to regenerate the
nitric acid for reuse; chemical equilibrium is maintained by controlling the concentration and flow of acid into the etching tank and by controlling the rate of
circuits into the etching tank

operation, and the flux facilitates soldering. The second area of
effort was in establishing the chemical-equilibrium requirements for
a continuous etching process which has the features of etchant regeneration and copper recovery. A laboratory demonstration model
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of the continuous etching process is shown by Fig. 13.9. Preliminary
economic evaluation has shown that it is quite desirable to regenerate
the acid etchant and to recover the copper. As the circuit is being
etched in the tank, a given amount or" spent etchant is drawn off to the
still, which concentrates the nitric acid by a distillation process. The
copper is recovered as copper nitrate, which is drawn off as a slag at

Fig. 13.10 Simplified component-attaching machine

the bottom of the still. The regenerated nitric acid is mixed with
distilled water in the right proportions to be metered into the etching
tank. A supply of concentrated nitric acid is added to the mixing
tank with additional distilled water to make up for any losses. The
acid regeneration process is about 80 per cent efficient. Level controls are used in all the storage, etching, and mixing tanks with a
concentration control also installed in the mixing tank. As the liquid
level in the still runs low, a control automatically shuts off the heat
to the still. At present, several industrial organizations are looking
into the feasibility of building such a machine for the market.
A third area of effort is a study of the requirements for a machine
to attach now-available components on a fiat surface. Figure 13.10
shows a simplified version of the CAM built to study the problems
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of materials and components handling and the techniques of component attaching. The attaching head shown by Fig. 13.11 consists
only of the basic mechanisms-the insertion forks, a workpiece-holding
carriage, a simplified indexing system, and a component feed chute.
A complete machine may have, in addition to the basic mechanisms
shown, storage magazines for different value's of components, a se-

Fig. 13.11 Close-up of attaching head showing insertion fork installing I-watt
resistor; the simplified indexing mechanism can be adjusted by turning the pin
selectors to raise or lower the indexing pins to vary the insertion pattern

lective component feed system, and a versatile indexing mechanism.
The close-up view of the attaching head shows more clearly how
resistors are fed from the chute to the anvil of the shuttle where the
leads are formed into a U shape and then inserted into holes on a
baseplate. A clinching tool underneath the plate clinches the leads
to the etched wiring pattern. Any desired setting of component locations is easily selected by half a turn of the screws at the left. This
machine, completed about two years ago, has influenced several manufacturers to build similar equipment. The fourth area of concentration
is that of the overall systems evaluation from a techno-economic approach.
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From the very beginning of the program when various processes
were being evaluated for use in the automatic production line, the
economic aspects of each process such as cost of equipment, the time
required for the process, and the materials used were considered.
Owing to the lack of detailed cost information, common sense had
to be relied on for the initial economic evaluation. With the establishment of the sequence of operations, as well as the detailed requirements for these operations, an analytical investigation of the
economics of automatic production was made. As an initial step
in this study, a comparison was made between the costs of producing
the trial assembly previously illustrated by conventional methods and
those of producing it by the automatic line being studied.
After a preliminary determination of which costs should be compared, it was apparent that differences in cost should be sought in
. material requirements, product engineering, tool design and manufacture, and all the steps of factory production. Therefore it was
decided that the comparison should encompass all costs incurred beginning with the engineering decision whether the product should
be production engineered for conventional or automatic production
and ending with the shipment of the product. Consideration of the
comparison between the cost of manufacturing the six-tube trial assembly in an automatic assembly and· that of manufacturing an
equivalent assembly in a conventional factory leads to the following
conclusions. Before presenting them, however, it is important to
recognize that the findings are limited in that they apply directly
to butone assembly produced under various selected conditions. Obviously, there is no justification for applying the findings of this
study to other situations without extensive revision to correct for
new values. At the same time, the quality and quantity of data used
and the basis for computation recommend valid indicators of comparative costs and of the parameters which favor automatic production.
In comparison with the conventional factory, the automatic factory
shows cost advantages down to daily operating rates of under 500
units and lot sizes below 300. In selecting a suitable operating rate
for the automatic production line under study, the reduction in cost
diminishes rapidly when the operating rate is increased beyond the
rate of 4000 per day.
If the demand for products from the automatic factory were lower
than its capacity, it would be idle part of the time. Figure 13.12
shows that substantial savings over conventional production would
result, even if the automatic production line were operated at half
rate, or even if it were held in a stand-by condition for nine months
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or more in the year. This means that it may be economical to maintain stand-by facilities for production of military equipment, even
if such facilities are ordinarily operated only part time.
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Fig. 13.12 Unit cost for conventional factory compared with automatic factory
at full utilization and one-quarter time utilization

The manufacturing cost by use of the automatic factory is substantially lower than that by use of the conventional factory at all
but the lowest rates and amounts of production. For 5000-unit lots
at optimum operating rates the unit costs are shown in Table 13.I.
A saving of $11.38 per unit-28 per cent-is indicated by the use of
automatic techniques instead of conventional ones. If only the inTable 13.1

Comparison of Unit Manufacturing Costs for a Six-Tube HighReliability Electronic Assembly

Savings by Use of
Cost Element
Material
Labor
Production engineering
Special tooling
Facilities
Total

Conventional

Automatic

$29.94
9.10
.43
.27
.35

$26.55
.55
.43
1.08

$40.09

$28.71

Conventional

Automatic

$ 3.39
8.55
.81
.25

.10

$0.81

$12.19
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plant costs are considered by excluding material, a saving of $7.99
per unit-79 per cent-is indicated. The largest cost element is
material, which represents some 73 per cent of the conventional-design
manufacturing cost and 92 per cent of the machine-fabricated unit.
A large saving is shown for automatic over conventional by reduced
material costs, principally by substitution of a printed circuit for
conductors, terminals, and connectors. The dominant position of
materials in total cost should lead to further emphasis on application
of new, cost-saving components such as packaged combinations, which
are adapted to automatic production techniques.
Labor costs show the greatest savings for automatic over conventional methods; these costs represent about 23 per cent of total conventional manufacturing cost, but less than 2 per cent of automatic
cost.
Production engineering costs are identical for automatic and conventional products, but special-tooling costs are somewhat higher for
automatic production.
In the case of both conventional and automatic production, the
unit cost of production facilities is between 1 and 0.3 per cent of the
total. Even though large differences may be indicated in the initial
cost of facilities under various conditions, the annual costs are spread
over enough units of production that the initial differences do not
have a large effect on unit cost.
The initial capital investment indicated for the automatic factory
studied is somewhat less than $1,500,000 and provides operating rates
up to 12,000 units per day. The investment for a conventional plant
with a capacity of 400 units per day is about $300,000, but if a capacity
of 4000 per day is needed, this investment increases to over $2,000,000.
Most of the investment in the automatic factory is in equipment
(about 85 per cent). In the conventional factory, it is mostly in
buildings and land (about 70 per cent). Little additional investment
is required to attain higher operating rates in the automatic factory,
within the capacity of the basic production line. In the case of conventional. production, however, higher operating rates mean more
personnel with correspondingly greater space requirements.
The factor of reliability in service is one of great economic importance and is of special value in military applications. Although
no evidence was presented to support the contention that equipment
produced by automatic techniques would prove more reliable than
that produced by conventional techniques, this possibility exists and
its effect should be considered in any comparative evaluation of production techniques.
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The results of this study show directly that the automatic factory
is economically feasible for medium- to high-volume (lot size above
300 units) production of electronic equipment, as presented by trial
assembly No. l.
The high rates of production attainable by automatic production,
as compared with conventional, raises the question whether there
is sufficient demand to absorb the output of an automatic factory
and make it economically feasible. How much equipment is susceptible
to automatic production was not definitely ascertained, but it may
be noted that the annual manufacturing costs ind~cated for the automatic factory operation at the maximum rate studied would be about
$104,000,000 or 3 per cent of the total requirements for military
electronic equipment in 1953. In regard to commercial production,
the economical operation rates for the automatic factory fall below
those of the median-level manufacturers.
13.4

THE SARGROVE AUTOMATIC MACHINE

The machine developed by John A. Sargrove in England is of
historical interest since it was the first automatic machine built to
manufacture electronic assemblies. The machine shown in Fig. 13.13
was built in 1947 to produce one radio receiver every 40 seconds. The
plastic panel with depressions molded to form the conductors, capaci-

Fig. 13.13 The Sargrove electronic circuit-making equipment
Fenno Jacob-Fortune)

(Photograph by
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tors, and inductors is successively subjected to a hot zinc spray and
a high-speed milling process which is electronically controlled.
Any single resistor can be sprayed within ± 5 per cent tolerance,
but the others will fall somewhere within ±20 per cent. The capacitors are made by corrugating the area to be metalized to increase the
surface area so that capacitances up to 500 micromicrofarads may be
achieved. Automatic tests are constantly applied to the plate while
in process, and if two plates are rej ected in succession at any test

Fig. 13.14 Circuit plates for two-tube a-c-d-c radio
Jacob-Fortune)

(Photograph by Fenno

station, the whole line is automatically stopped. The two plates required for a two-tube a-c-d-c set produced for sale in Asia are shown
in Fig. 13.14. These two plates can be made for about $1.00. The
completed set of a later model is shown in Fig. 13.15.
Tube sockets and other components are inserted automatically and
held in place by combined riveting, welding, and soldering. Speakers
and electrolytic capacitors are assembled to the chassis by hand.
A single machine can produce 500,000 sets per year and costs
about $250,000. Compared with present-day costs of manufacturing
radios, it would take a minimum production lot of 20,000 sets to be
competitive. This includes tools and amortization of the plant. It
would be possible to handle lots of 5000 economically by using temporary brass mounting tools.
The Sargrove machine is an example of going "too far too soon."
This machine lacks the flexibility desirable in the present state of
mechanization and standardization of electronic assemblies. When
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the Asian market collapsed after the war, the machine was never put
in use because it was uneconomical to adapt it to manufacturing a
range of products. However, it does forcibly illustrate the savings
in time and manpower which may be achieved during the manufacture
of large numbers of a particular item.

Fig. 13.15 A later model set manufactured by the Sargrove machine
13.5

GENERAL MILLS AUTOFAB

Typical of one industrial approach to the automatic insertion of
components into printed circuit boards is the line built by the Mechanical Division of General Mills, Inc. Figure 13.16 shows the
24 component-attaching heads mounted in a line with the component
magazines in a turret mounted above the attaching head. The present
line is designed to operate at a speed of 20 to 30 completed assemblies
per minute or nearly 10,000 in an 8-hour day. A standard machine
can be adjusted to accommodate baseplates of various thicknesses in
any rectangular size from 2 inches by 2 inches to 10 inches by 10
inches. The attaching heads can be rotated and adjusted transversely
and laterally so that components can be attached at any angle and at
any position on the baseplate. Adjusting or retooling the attaching
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head can be done in 3 to 8 minutes. A 24-station line, controlled
electrically, can normally be operated by two operators and a supervisor. Figure 13.17 shows the circuit baseplate-feeding mechanism

Fig. 13.16 Autofab by General Mills, Inc.-a 24-head automatic componentattaching machine

and magazine at one end of the line. In operation, the baseplates
stacked into the automatic feeder are dispensed from the bottom
when two pushers connected to the conveyor belt trigger a latch. The
pushers then move the baseplate to each component-attaching head.
As the baseplates approach each attaching head, the conveyor slows
down, and a locating stop on each head is raised as the conveyor
stops. The baseplates are located and held under the attaching. heads
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by the same indexing surfaces that were used in punching or drilling
the holes for the leads. A conveyor system spring-loads the baseplate
into position against these surfaces during the attaching cycle.
Figure 13.18 shows the pneumatically powered component-attaching
head inserting a tubular pulse transformer onto the board. Each

Fig. 13.17 Circuit baseplate storage and feeder-component magazine turret
mounted on top of attaching head automatically indexes to next full magazine
when empty

attaching head bends the leads to the proper spacing, inserts the
leads into the baseplate holes, and makes a mechanical connection
between leads and baseplate. To eliminate damage to the components,
all attaching forces are applied directly to the component leads.
Thus there is no stress of the junction between the lead and the component body. The attaching cycle completed, the stops are retracted
and the conveyor moves' the baseplate to the next station where the
operation is repeated. After the last component has been attached,
the plate is fed out of the machine ready to be moved to the next
sequence in manufacture. Figure 13.19 shows components inserted
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with the bodies against the circuit board. This is the usual method of
installing the components. Figure 13.20 shows similar types of com-

Fig. 13.18

Close-up of attaching head inserting transformer onto circuit board

Fig. 13.19 Components installed on circuit board

ponents, i.e., cylindrical bodies with axial leads, installed with the
body off the board as may be required to facilitate cooling for highheat dissipation.
Automatic indexing of the multiple-magazine turret as it is shown
in Fig. 13.16 makes available a continuous supply of components.
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An interlock system is provided on each attaching head so that (1)
if no baseplate is in position under an attaching head, that head will
not be actuated to insert a component, and (2) if a baseplate passes
from an attaching head with the component missing, the machine will
stop and the empty head will be indicated by a light. This allows
the line to be started and stopped with no waste of electronic components, and at the same time each baseplate is certain to receive a
full assembly. This same interlock operates if a component is not
inserted properly because of a broken lead or for any other reason.

Fig. 13.20 Components installed on circuit board with body off the board

Both leads of the inserted component must be seated properly before
the conveyor will move the assembly to the next station.
An automatic dip-soldering machine is being prepared for market.
This dip-soldering machine will accept the printed circuit cards as they
come off the attaching line and solder all the component leads in one
dip.
13.6

THE UNITED SHOE MACHINERY CORPORATION
DYNASERT

The original automatic line at United Shoe Machinery to insert
components on a printed circuit board has been in operation since
October 1954. Figure 13.21 shows the ten-station line equipped
primarily to insert ~-watt resistors. This machine is in daily use
and has processed well over a quarter of a million circuit board assemblies. Recent reports have indicated that faulty component insertions, i.e., those missing the hole or breaking the component lead,
have been as low as 0.1 per cent. Frequently production runs of 1000
or more circuit boards are run without malfunctioning of any type.
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Circuit boards which were manually loaded on the conveyor pallets
are now automatically loaded and dispensed onto the conveyor. As
the pallet approaches the attaching head, ej ector arms move the
pallet off the conveyor and butt it against a stop which serves as the
indexing mechanism. Accurate indexing is achieved by inserting
shot pins in the locating holes in the circuit plate just before the

Fig. 13.21 The United Shoe Machinery Corporation assembly line

component leads are inserted and the leads are clinched by an anvil
in much the same manner as a wire stapler.
A preparation machine for axial lead components straightens the
leads and applies paper tape to the ends of the leads to form a belt.
This belt or chain feed method allows a much more compact attachment head design and is the primary reason for the difference in
appearance between the United Shoe Machinery and the General
Mills equipment. Figure 13.22 shows the belted resistors being fed
into the attaching head. A sprocket provides positive component feed
to the mechanisms that form and trim leads and is a feature that the
manufacturer claims accounts for the reliability of insertions. The
lead forming and inserting is done by a double-fork arrangement that
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forms the lead on an anvil in much the same· manner as in most insertion machines. A fault detection device, which is no more than a
continuity checker, is used to insure that both leads are inserted correctly and are not broken before the lead is clinched; otherwise, the
machine stops and an indicator light flashes.
The pallet transporting of the circuit boards is a unique feature
of this system. This is a conservative design feature to simplify the

Fig. 13.22 Close-up view of pallet feed and attaching head inserting ;2-watt
resistors from a belt

indexing problems. These pallets will accommodate a maximum board
size of 5 inches by 8 inches. Instead of indexing by its edges or by
an edge and a notch, as is used in most systems, the board is indexed
by locating holes spaced along the board. Thus, hole misalignments
from warpage and other dimensional instabilities of the phenolic
boards are minimized. The pallets at the end of the line are returned
by the same conveyor which transported the pallets to each machine.
If the finished pallets are not removed, the conveyor automatically
ceases feeding; thus the conveyor system cannot be jammed. The
present assembly rate is fifteen circuits per minute.
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Jumper wire and tubular capacitor-inserting machines have been
constructed along the same lines as the resistor inserter. In addition,
a semiautomatic model of the single attaching head is available.
Figure 13.23 shows an early model which required manual indexing
and circuit board feed. A foot pedal initiates the inserting operation.

Fig. 13.23 Single attaching head requiring manual indexing and actuating of inserting fork

Currently in development are inserting heads for tube sockets, tubular
capacitors with radial leads, disc capacitors, and intermediate~fre
quency transformers.
Both the General Mills' Autofab and the United Shoe Machinery
Corporation assembly system use single-component CAMs; that is,
each machine attaches one component on the circuit board, and as
many machines are required as there are components on the board
unless the boards are recirculated. The sequence of installation is set
by the position of each machine in the line. These single-component
CAMs have the advantage of simplicity and therefore low cost and
possibly reliable operation. Because of their lack of flexibility, these
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machines are most suitable for large production runs where the setup
and retooling time is distributed over a large number of units. Although the change-over time allotted for each machine runs from
3 to 8 man minutes, assuming an average of 5 minutes for each machine
and 20 machines in the line to be operated by 2 people, it would take
50 minutes to make the change-over. Allotting a few more minutes
to start a pilot run and make some final adjustments, this adds up
to approximately an hour for each production lot. It would not take
very many change-overs before the assembly cost would be increased
to the point where it would be economically untenable.

Fig. 13.24 Typical (2 inches by 1;2 inches) circuit board handled by the MiniMech component assembly unit
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13.7

PROJECT MINI-MECH

Project Mini-Mech, sponsored by the Bureau of Ships, United
States Navy at Melpar, Inc., is essentially (1) the development of a
mechanized construction technique for miniaturized subassemblies,
and (2) the development of a machine to attach prefabricated com-

Fig. 13.25 Baseplate-loading machine

ponents on to the circuit baseplate. Figure 13.24 shows two circuit
boards typical of the assemblies handled by the component assembly
unit. These boards are relatively small, in the order of 1 Y2 inches
by 2 inches. The circuit pattern on the baseplates may be fabricated
by any of the commonly used methods such as etching or stamping
In the system of automatic assembly proposed, the machines undel
study are (1) the baseplate- or wafer-loading machine, (2) the component assembly unit, and (3) the assemblying and testing machine.
The function of the baseplate-loading machine is to feed a continuous
supply of circuit baseplates in correct sequence to the componentinserting machine.
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The baseplate loader shown in Fig. 13.25 makes available up to
four types of wafers in desired order. On each cycle of operation, the
plates are sequenced to drop from the magazine to the conveyor which
carries them to the component assembly machine. It was visualized
that each miniaturized package would have no more than four circuit
plates. The assembling and testing machine shown in Fig. 13.26 is

Reject chute
/

Wafer pusher mechanism
for sliding wafer into
wafer assembling
position

/

Malfunctioning
subassembl Y
rejection
mechanism

Accepted
subassembly
unloading station
Wafer
assembling
mechanism

Fig. 13.26 Assembling and performance-testing machine

visualized to form the baseplates into a subassembly and give it a
performance test. The assembly mechanism receives the baseplates
and forms the deck construction in the succeeding stations, installs the
necessary hardware, and then finally tests the performance. A
partially assembled unit is shown in Fig. 13.27. The deck construction allows freedom of geometrical movement in three dimensions, thus.
giving greater compactness and minimizing size. One limitation of
the product design is the difficulty of providing support for the tube in
the deck structure and the difficulty of providing adequate cooling when
the tube is buried in the midst of the assembly. It is estimated that
this automatic assembly system will produce 1000 units per 8-hour
day of a two-baseplate assembly. Preliminary analysis indicates that
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it may be economical to produce as few as 100 of these units between
change-overs.

Fig. 13.27 Partially assembled unit to show deck construction and tube mounting

At present, the concentration of effort is on the development of a
multicomponent insertion machine. The unit shown in Fig. 13.28 consists of a component storage magazine, the component-sequencing
mechanisms, the insertion tool, and the component lead-clinching anvil.
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The lower portion of the cabinet contains the pneumatic and electrical
power supply and valves. Components with two axial leads already
trimmed to length are stored in six separate hoppers which may contain
as many as eighteen magazines so that each machine will insert and
solder a maximum of six components. Figure 13.29 shows maga~ines and indexing mechanism. On
reception of a control signal, the
hopper indexing mechanism transports the components into a ready
position and discharges one component as required for each sequence
of insertions. The hopper indexing
machanism consists of two endless
bead chains and a suitable chain
sprocket driven by a synchronous
motor controlled by an electric
clutch and an electric brake. As
one magazine is emptied, the following one is opened by the hopper
indexing mechanism and the components are advanced to the ready
position. The components are discharged from the hopper indexing
mechanism into one of two' pneumatic slides shown in Fig. 13.30
which transport them to the'lforming blocks and inserting i head.
Each of the two pnuematic slides
consists of a V-groove having approximately eighty 20 degree air
ports at the bottom. These jets
propel the components along the Fig. 13.28 MuitIcomponent
.
assem hIy
groove, thus eliminating the need unit
for grasping the components with
comparatively complex and slow-moving mechanisms. Essentially,
the resistors are fed to the forming block by gently blowing the resistor along the groove. Mounted in the forming blocks are a light
source and a photocell which detect the presence of a resistor before
the inserting head is lowered. The reciprocating forming blocks remain in a closed position until the insertion head has formed the leads
of the components; i.e., the leads are bent at an angle of 90 degrees
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with the body. The forming blocks will then open to permit passage
of the insertion head with the component so that the component may

Fig. 13.29 Component magazines and magazine indexing or selection mechanism
with bead chain component conveyor

be installed and the anvil raised. The anvil is a heated forming tool
which will staple the component leads to the wafer and simultaneously
solder the leads to the eyelet. As the anvil reaches the top of its stroke,
the insertion head retracts. When the insertion head passes the forming blocks, the blocks close again. Closing of the forming blocks
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resets the anvil, thus completing the cycle. Figure 13.31 shows a
laboratory model of the component-inserting head.
The machines under development at General Electric Company and
Melpar, Inc., are multi component CAMs. These machines require an
indexing mechanism, hoppers or magazines, and a sequencing mechanism for various components; in addition, they must provide storage
and indexing for the circuit boards. These additional mechanisms
greatly complicate the component assembly machines and make them
much more expensive. It is interesting that both General Electric

Fig. 13.30 Pneumatic transport, component feeder, and retractable componentforming block in the center

and Melpar, who are under contract with the Armed Forces to develop
a machine suitable for the production of a relatively small number of
units of any particular subassembly, thereby requiring maximum
versatility and flexibility of a machine, came up with multicomponent
CAMs to minimize setup and change-over times.
13.8

THE GENERAL ELECTRIC AUTOMATIC ASSEMBLY SYSTEM

The General Electric Company is taking a rather different approach
to the development of an automatic assembly system. The object of
the program, which is sponsored by the Signal Corps, is to develop
a method for the automatic assembly of commercially available components on printed circuit boards to form subassemblies of military
electronic equipment. This means that the production lots for each
assembly or equipment may be only tens of units. Thus, special considerations are given to small-lots production in the design of this
system. The work is being done for the Signal Corps as an industrial
preparedness measure to provide know-how and production facility
designs which can reduce lead time in the event of full mobilization.
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Figure 13.32 shows an overall diagram of the automatic component
assembly system. Considerations for the design of the automatic

Fig. 13.31 Laboratory model of component-inserting head

component assembly system have been divided into essentially five
steps: (1) component preparation, (2) component and circuit board
transport, (3) component assembly, (4) inspection or test unit, and
(5) the overall control.
Coniponent preparation includes such functions as: (1) straightening
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leads, (2) component inspection, (3) lead trimming and forming for
insertion into the printed circuit board, (4) loading of components
into magazines or component carriers. At present, two machines are
being developed for the preparation of components, one to handle
components with two axial leads, and the other for multilead components such as tube sockets and printed circuit subassemblies. The
component inspection machine consists of a sixteen-station indexing
table with eleven test stations which may be programmed to test
resistor, capacitor, and tube characteristics.

Fig. 13.33 Multilead component mounted on carriers; the component carrier has
indexing holes and can be coded for automatic loading

The component and circuit board transport functions include: (1)
receiving the component magazines from the testing machines in
batch lots sequenced for each unit assembly; (2) transporting the
component magazines to an elevator storage system; (3) transporting
the circuit boards to the pallet feed; (4) loading the circuit boards on
pallets; (5) transporting the pallets to the component assembly or
placement machine; (6) recirculating the circuit boards through the
component placement station until all the components are installed;
and (7) returning the empty pallets to the pallet feed station.
Figure 13.33 shows a component mounted in its carrier, and Fig.
13.34 shows resistors mounted in their carriers and the combination
inserted into a magazine.
Figure 13.35 shows a late model of a placement head which is electroservo-controlled for the motions crosswise to the direction of work
transport and also in rotation. The insertion jaws are also servocontrolled to adjust for different size components. Several servo systems have been studied for positioning the component placement head
and the printed circuit board pallet which will accommodate a maxi-

AUTOMATIC PRODUCTION OF ELECTRONIC EQUIPMENT

403

mum board size of 8 inches. by 12 inches. An accuracy of 1 part in
12,000 is required to position the placement head to an accuracy of

Fig. 13.34 Resistors mounted in their carriers and loaded in magazines ready for
the component placement machine
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Fig. 13.35 Electro-servo-controlled component placement head

0.001 inches anywhere within its 12 inches of travel. An accuracy of
1 part in 8000 is required to position the board pallet to an accuracy
of 0.001 inches anywhere within its 8 inches of travel. Each of these
requirements is well beyond the accuracies that can be obtained by
ordinary analog systems. In order to approach the O.OOl-inch posi-
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tional accuracy required, some modified analog systems and a digital
system are being considered. The component insertion operation is
pneumatically operated. To understand the operation of the component assembly machine, a cycle of operation of the placement machine
is as follows.
Referring to Fig. 13.36, on command from the program control unit
:1 batch of, let us say, twenty printed circuit boards are transported
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Fig. 13.36 Batch component placement cycle

to the board storage unit of the component placement machine. At
the same time, sufficient component magazines, each loaded with twenty
components, are sequenced and transported to the placement machine.
The number of component magazines is dependent on the number
of components to be inserted on each circuit board. The first board is
moved into position for placement of component number 1, and the
placement head is also moved in translational and rotational motion
for the first component. The component placement forks are automatically adjusted to component number 1. The circuit boards are
circulated until all the number 1 components are installed. Magazine
number 1 is ejected and magazine number 2 is inserted into the placement head and the placement forks adjusted for component number 2.
The circuit boards are fed through the machine again. This process
is repeated until all the components are installed; then the batch of
twenty circuit boards is transported to another operation.
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The placement machine is ready for the next batch of circuit boards
and component magazines which may be used to fabricate an entirely different assembly. For instance, on command from the programming unit, the magazines and circuit boards are circulated unti1

1.
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7.
8.
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10.

Pallet
3, 4. Pallet guides and support
High-speed gear
Low-speed gear
High-speed clutch
Low-speed clutch
Gear box and power drive
Position sensor

11.
12.
13.
14.
15.
16.
17.

Positioning shot pins
Shot pin holder
Shot pin guide
Position reference leadscrew
Main guide rod
Torque bar
Component placement head

Fig. 13.37 Work pallet positioning system for precise indexing

all the components are inserted for the radar intermediate-frequency
amplifier. Upon a second command, the component magazines are
sequenced and the circuit boards are circulated until the radar trigger
generator is completed. Each succeeding group of assemblies built
will be a different unit. By building a few of each subassembly to
complete a system, storage problems will be greatly simplified because
it will not be necessary to wait until each lot of all the packages is
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completed before starting to assemble an equipment system. This is
especially advantageous when a piece of equipment has a large number
of different assemblies. Figure 13.37 shows the circuit board on the
work pallet being recirculated to the component placement head for
the third component. As the work pallet approaches the correct position at relatively high speed, a low-speed gear is engaged in the rack

Fig. 13.38

Automatic dip-soldering machine

on the underside to slowly move the work pallet toward the final seating position, at which time shot pins engage reference holes on the
work pallet for the precise indexing.
After all the components are inserted, the circuit boards are dipsoldered· in the next operation. The dip-solder station is shown in
Fig. 13.38. The position of the board is shown immediately before
dipping. The completed printed circuit board in the pallet has been
transported from the circuit board storage immediately beyond the
component placement station by a conveyor chain. As the pallet and
board assembly move toward the solder station, they activate the
flux station just preceding the solder pot which sprays flux on the
underside of the circuit. Immediately before the board enters the
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solder station, the dross wiper wipes the accumulated oxides above
the solder ladle which is immersed in the molten solder. With
the arrival of the board, the ladle is lifted vertically and the pallet is
brought down onto the surface of the solder in the ladle to accomplish
dip soldering. A rolling motion of the circuit board allows the flux
to flow away from the line of contact between the solder miniscus and
the board, thus preventing voids in the soldering. The board is vibrated
while in contact with the solder to facilitate soldering. Then the board
is rotated away from the solder bath and vibrated to remove excess
solder while the solder is still molten. After the solder has solidified in
about 25 seconds, the board is moved to the pretest storage. A complete cycle time for soldering is about 38 seconds minimum.
After assembly and dip soldering of the printed circuit board, the
assembled circuit is ready for finished board testing. Since all components have been tested before assembly, and the component transport has been interlocked to prevent misalignment of the components
during their placement cycle, there are three conditions that would
cause failure of the printed-circuit assembly. These are (1) the component leads have not gone into their holes; (2) the component leads
have not been soldered; and (3) solder has shorted out printed wires on
the printed circuit board.
The primary function of the final, board test station then is to
locate the boards in a batch which contain one or more of the defects
above and to identify the type and location of the fault. Two types
of testers are required to determine the acceptability of the printed
circuit board. These are a shorts tester, which measures an extremely
low impedance between anyone printed wire and the others, and a
continuity tester, which is capable of contacting the component leads
and measuring a low impedance between one lead of a component
through a solder j oint along the printed wire and through the lead of
another component soldered to the same printed wire. Thus, the
first test detects shorted conductors; the second detects whether or
not a lead has gone into a hole and whether it has been soldered, but
the test does not determine the quality of the solder bond.
To refer to Fig. 13.32 again, the master programming unit or card
reader controls and synchronizes the entire operation. The master
programmer is divided into two parts, the card-punching section used
to make up the system-programming punched cards, and the cardreading section used to sense the coded data on the cards and distribute
these data to the machine stations in the system.
The function of the Remington Rand card-punching machine is to
transform all necessary system control data into punched-card coded
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form. The system control data consist primarily of the following:
(1) complete specifications for the components ,to be prepared and
assembled, including data on the various preassembly tests to be
formed on the components; (2) data to control the order of preparation
and assembly of each circuit element; (3) data specifying the number
of printed circuit boards to be assembled in a particular batch; (4)

Fig. 13.39 Monitor control and display console for the supervision of the General Electric automatic assembly system

data specifying the accurate location of each circuit element on the
printed circuit board; and (5) data specifying the tests to be performed on the completed circuit board assemblies. The card-reading section of the master programmer fulfills the function of sensing
data on each program card. Transmission of these data sets up the
control circuits of the machines to cause them to perform according
to the command data on the cards. Figure 13.39 shows the monitor
control and display console which provides means for an operator or
supervisor to override the automatic controls in all the system variables, in addition to controlling the power system and the air supply
system to the automatic component assembly system.
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It is evident f1:'0m Fig. 13.39 that the General Electric automatic
assembly system is much more complex than the ones previously described. The fact that the component assembly machine is a multicomponent CAM, or a machine which can install sequentially several
types or values of components, and one which has an index system,
makes this machine a more complex one basically. To date, preliminary system studies to evaluate the advantages of the single-component CAM compared to the multicomponent CAM have led General
Electric to select the latter. The claims of greater systems flexibility
for production changes, simpler materials-handling problems, less
storage space needed for assembled units, and versatility to adapt to
small production lots have been made for this approach. It is difficult to perform a sufficiently thorough economic and technical analysis
to determine the advantages of the one approach over that of the other
at this early date without sufficient details such as performance data,
reliability of equipment, maintenance costs, and initial costs. The
question, "Is it cheaper and are the production problems fewer when
a large number of simple machines are used in an assembly line, or
is it better to use fewer, more complex, and more expensive machines?"
remains unanswered until there can be a thorough evaluation of the
many details which become apparent only when some of these production lines are. built and operated. Another question which all electronic-equipment assemblers are asking is, "What production volumes
and lot sizes must be maintained before it is economical to use one or
the other component assembly systems?" Again, we can only await
additional operating experience.
13.9

PROJECT TINKERTOY

Project Tinkertoy was sponsored by the Bureau of Aeronautics,
United States Navy, at the Bureau of Standards. A series of some
twenty machines have been constructed to provide a demonstration
of feasibility of mechanizing an electronic-equipment production facility. The construction techniques used to fabricate the electronic
package by automation production are quite different from most others.
Instead of using the evolutionary approach and working with available
electronic components as most of industry has done, Proj ect Tinkertoy started from scratch and carried the manufacturing process from
the raw materials such as blending steatite powder for the circuit
wafers through the completed module or package, except for such items
as tubes and components not suitable for the process to fabricate.
Electronic components such as resistors, certain capacitors, and in-
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ductors were fabricated as part of the overall assembly process. Figure
13.40 shows the circuit wafers, capacitors, tape resistors, tube socket,
and completed module.
We may consider the production line as having essentially four
main branches operating in parallel which fabricate and feed components such as (1) circuit wafers, (2) tube sockets, (3) ceramic ca-

Fig. 13.40 Tinkertoy module, circuit wafers, and components

pacitors, and (4) tape resistor elements to the main production line,
which then assembles these components to form the completed module.
The circuit wafers are pressed from a mixture of ceramic raw materials which have been previously blended. The raw wafers are
fired by being passed through a tunnel kiln at about 2300° F for
9 hours, after which each wafer is mechanically gaged for proper
dimensions. The wafers are then passed through a silk-screening
machine, shown in Fig. 13.41. The ceramic wafers fed from six
vibratory feeders are conveyed to the stenciling screen which applies
the patterns simultaneously on one side of the wafer to form a part
of the conductive or inductive circuit. The silver paint is then fired
by passing the wafers through a low-temperature furnace at about
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800 F. The wafers fed from the vibratory feeder, which also orients
them, are given a . circuit pattern check by the machine shown in
Fig. 13.42. This machine is set up to test each pattern by inserting a

Fig. 13.41 Screening machine which simultaneously prints circuit pattern on six
ceramic wafers indexed and fed from vibratory hoppers

punched card into the programming unit on the left. The printed
wafers are then transported to the main production line for the installation of components.
With almost the same processes, the titanate capacitor bodies are
pressed, fired, and silvered. The finished capacitor is 0.5 inch square
by 0.020 inch thick with a capacity range from 7 micromicrons to
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10,000 micromicrofarads. The capacitors are inspected by automatic
machines for production tolerances in capacity, 'leakage resistance,
and voltage breakdown. Present production techniques give a yield

Fig. 13.42 Machine for testing circuit patterns-the test is set up by inserting a
coded punched card into the programming unit on the left

of about 80 per cent. The capacitors are then transported to the
main production line.
The resistive element of the tape resistor is formed by spraying a
thin film of resistive ink on asbestos paper tape. The ingredients of
the ink include carbon, resin, arid a liquid vehicle. Resistors· produced
from these tapes are within a: production tolerance of ± 10 per cent
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up to nearly 400 0 F and can dissipate 5 to 10 watts per square inch
of surface in the usual applications. It is claimed that these resistors
will pass most, and in some cases exceed, JAN-R-11 requirements.
After the tape is dried, it is supplied to the main production line in
reels ready for application on the circuit wafers.
Tube sockets molded with the same steatite ceramic as that used
for the circuit wafers are also supplied to the main production line

Fig. 13.43 Machine for assembling and soldering capacitors to the wafers-the
two small vibratory feeders on either side of the large feeder deliver capacitors
positioned for soldering; the center hopper feeds the circuit wafer into position
and the assembly is induction soldered

as a prefabricated component. The main production line then assembles these four types of components to form the module. The
ceramic wafers are first taken to an automatic dip-soldering device
which tins the side slots in preparation for subsequent circuit attachment. The resistor attachment machine applies the tape from the
reels, cuts the tape to length, and bonds the resistive elements on to
the ceramic wafer by curing the adhesive. Figure 13.43 shows a
machine which feeds and orients the ceramic capacitors and the circuit
wafer for induction soldering of the assembly.
As many as six different circuit wafers may be handled by the
joining machine which performs the final assembly of the wafers into
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a module or subassembly. Six feeders carry the wafers to a slotted
loading device which indexes, sequences, and holds the wafers in an

Fig. 13.44 Circuit checker for completed module; the tester is set up by a
punched-card programming unit and tests the module through the tube socket

upright position. N ext, a chain drive carries the wafers in a jig to
the soldering position where three wires on each side are guided into
the pretinned notches in the sides of the wafers. Instant-heating
soldering fingers are brought in contact with the wiring and pretinned
notches, bonding the wiring to the wafer. In a subsequent operation,
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after rotating the wafer edges 90 degrees, the same machine transports the module to its next station where the complete procedure of
soldering is repeated so that all four edges of the wafers are tied together as in a ladder. The completed module is then transported to
the next machine which automatically checks the circuitry through
the tube socket. This machine is shown in Fig. 13.44. A punched card
programs the checker, and. the electronic system inspects each circuit
or component mounted on the wafer and compares it with a standard.
Obviously, the Tinkertoy approach is quite different from all the
others. First of all, Tinkertoy fabricates the electronic components as
part of the module assembly process instead of using available components. Secondly, Tinkertoy has taken an approach that is revolutionary in its effect on present production methods. Thirdly, the
production design and the product configuration are such that components other than the flat tape resistor and thin ceramic capacitor
are very difficult to install. Of course, one advantage of a revolutionary approach is the fact that it is not encumbered by past practices.
The second advantage of the Project Tinkertoy approach is that it uses
relatively low-cost materials to form both the components and the
circuit wafer, and these materials in general are not in short supply.
However, the difficulties of obtaining sufficient economic data to justify
an extreme approach often prevents its industrial acceptance.
13.10

CONCLUSIONS

In evaluating the many approaches taken by industry to mechanize
the fabrication of electronic assemblies, we recognize the far-reaching
effects of automation in all phases of industry. Not only must the
technologists work closely together and become expert in materials,
processing, machine design, and electronics, but management, sales,
and production must work hand in glove to insure a minimum of
disruption to the production procedure once the machinery is set in
motion to produce a given item. In spite of all efforts of the technologist, a mechanized line is less flexible than a manual line in the
sense that it is not economical to frequently modify or change the
machines in the production line to encompass changes in the product.
Aside from the managerial problems, which are formidable indeed,
the most difficult problem of automation is techno-economic in nature.
This problem is concerned with the degree of flexibility, hence complexity and cost or the machinery in the automatic line. The industrial approaches to the solution of this problem are as varied as
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there are pioneers in this field. The final answer must await actual
operating experience and the passage of time.
For the present, the following general conclusions may be drawn.
(1) The close integration of materials processing, product design
of,the electronic package, and its fabrication by machinery is gradually removing the distinction between many electronic-component
manufacturers and equipment assemblers.
(2) The effective use of automatic production techniques requires
much closer working relations within a given plant, between the market
and economic analyst, the researcher, the design engineer, and the
production specialist.
(3)~The production line must be synthesized by the use of versatile
and functional machine units .to allow gradual assimilation of these
units in the evolutionary process toward complete ,automation.
(4) Automatic production lines for military electronic equipment
must be suitable for the production of commercial electronic equipment; then these production lines can serve as stand-by facilities for
the rapid acceleration of production, in time of emergency, with a
minimum of conversion and manpower needs.
(5) There is much need to bring to the attention of the machinetool, materials-processing, metal fabrication, and other industries the
problems of automating the electronic industry.
(6) Since the cost of materials and components accounts for 75
per cent of the manufacturing cost of an electronic assembly, much
additional effort must be expended to reduce the cost of components.
Developments such as printed-circuit television-tube deflection coils
are pointing the way toward this goal.
(7) The most critical problem in automatic production is that
of quality control and product testing or inspection. We must develop
methods for quickly and automatically checking the quality of materials or components in process and testing the performance of the
completed electronic package. The difficulty of the problem lies not
so much in the building of automatic test or control equipment, but
in determining what physical characteristics are to be measured to
provide a key to the reliability of performance of the component or
the assembly.
(8) Perhaps the most difficult part of thinking in terms of automatic
production is recognition of the fact that the product or the fabrication
process, or both, must be redesigned in order to make automatic production feasible. We must look at the function of a product and
think about building it by automatic machinery.
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(9) Although many technical problems must still be solved, and
the detailed economics must await additional information, automation
of the electronics industry is not just around the corner; it is here.
The first attempts may be crude but, with sufficient thought unencumbered by convention, rapid strides are being made in the development of new fabrication techniques and the application of new materials. Printed circuits is but a faltering first step.
13.11
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14.1

INTRODUCTION

Automation has been the key to the remarkable growth of the
present-day process industries, among which are included the petroleum, .the chemical, and the petro-chemical. Existing complex processes such as catalytic cracking in the petroleum industry or the
atomic power reactor in the nuclear field would be economically unfeasible, if not physically impossible, without the use of modern
automatic control equipment. This chapter will endeavor to present
a brief background of the problems existing in these industries as well
as to recount the developments that have resulted in the present high
degree of automation in the modern processing plant. Recent developments foreshadowing the automatic processing plant of tomorrow will
also be reviewed.
This chapter will consider typical process variables which must be
measured and controlled. These variables may be placed in one of
two categories. In the first group are found the operational variables.
In the second are placed those that define a physical or chemical
property of the product and may be termed definitive variables. To
maintain these variables at a desired value, elaborate feedback control systems have been devised. Systems commonly encountered in
419
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the proc,ess industries range in complexity from the simple singlevariable system to the highly complex, coordinated control system.
After a description of the various control methods is given, this chapter will touch on recent applications of servo techniques to the analysis
of these control systems, and examples will be given showing the accuracy to be expected. The remainder of the chapter will be devoted
to the discussion of recent developments in automatic control equipment. This discussion will include recent innovations in pneumatic
devices as well as a description of complete electronic control systems.
The integration of data-handling equipment into the process control
loop will be presented. The final section of this chapter will describe
the application of continuous analyzers to determine both product
composition and/or product quality.
14.1.1

Characteristics of the Process Industries

The process industries are those that handle bulk solids, liquids, or
gases in some form and modify these materials either by physical or
chemical means to produce a finished product with the desired properties. Many of these processes are strictly physical in nature. Some
are chemical and some are combinations of the two. The commonly
encountered physical processes include fractionation, extraction, blending, filtration, etc. The typical chemical reactions include those of
cracking, isomerization, hydrogenation, neutralization, etc. As stated
before, however, most processes include both physical and chemical
changes.
14.1.2

Equipment

To get a better understanding of the control problems encountered,
a brief consideration of the equipment peculiar to the process industries
is in order. First, vessels are required for storage of the materials
in the process, such as the raw feed, the finished products, and the
intermediate products. Reaction vessels are required to provide the
reaction or holding time necessary to process the material. Other
vessels are needed for physical separations such as fractionating
columns, settlers, flash chambers, etc. A second class of equipment
may be termed heat transfer equipment. In this list we would
find heat exchangers, coolers, furnaces, and kilns. Equipment is also
needed for transferring materials from one section of the process to the
next, through heat exchangers and through fractionating columns. This
transfer equipment takes the form of pumps, compressors, and conveyors. Lastly, the interconnecting piping through which the material
flows is needed.
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Each item of this equipment is an integral part of the process. Each
plays its own part in the control loop. Therefore, for adequate control system design, the characteristics of each piece of equipment must
be accurately known. In view of the foregoing, it is apparent that
the definition of a process must be carefully reassessed. Very simply
the process is a cumulative effect of the equipment plus the material
to be processed plus the nature of the chemical or physical reactions
that are to take place.
Henceforth, when speaking of the process, it will be considered in
the light of the definition above. Most processes can be described for
purposes of control as having one or more time constants, dead time,
or other nonlinearities, and an overall process gain. Representative
values for typical processes will be presented in Section 14.2.
14.1.3

Process Types from the Operational Standpoint
Processes can be classified either as batch, continuous, or semicontinuous. As the name implies, continuous processes are those in
which the material continuously moves into the plant, through the
processing section, and continuously out of the plant. In general, all
parts of the plant are in stable equilibrium and do not change with
respect to time. If the stable equilibrium is altered owing to some
unforeseen load change, the transient return to stability is known as
a plant upset. Generally speaking, continuous-process equipment is
small. Little intermediate storage is required, but the process control
and regulation must be good.
Batch operation on the other hand refers to that type of operation
in which a fixed amount of material is charged to the equipment, in
which a desired reaction or physical separation is carried out. After
completion of the desired processing, a fixed amount or quantity of
the product is removed from the equipment. The requirements for
batch processing, especially equipment-wise, are generally opposite
to those for the continuous process. The equipment is larger, which
of course results in a greater initial capital outlay for these items.
The control requirements are generally somewhat less severe than in
the continuous process. However, this may not necessarily be true.
One feature of the batch process is the isolation provided between
separate processing units. This is the main reason for less stringent
control requirements of the batch process, since a disturbance in any
one unit is effectively blocked before reaching a second unit.
As this chapter evolves we may note the emphasis placed on applications in the petroleum industry. This is the field in which the author
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is most familiar. However, since similar problems are encountered in
the chemical industry, the same basic control theories are equally applicable. Actually the petroleum industry may be considered· as a
specialized branch of the chemical industry.
14.2

OPERATIONAL VARIABLES MEASURED AND CONTROLLED

The term operational variable refers to the actual physical or environmental conditions existing in the process equipment. These
physical conditions include the various flow rates of the materials entering or discharging from the plant; the pressure existing in a vessel
or fractionating column; the temperature existing therein; other environmental conditions such as humidity. All of these are referred to
as operational variables. Last but certainly not least, is the control
of liquid level. Good regulation of this latter variable is extremely
important in keeping a stable operating condition in the continuous
plant.
A wide gamut of process time constants and process orders is encountered among the operational variables. A comparison of the control characteristics for typical systems is given in Table 14.1. Note
Table 14.1

Process
Temperature
Pressure

Flow
Liquid level
Rotary speed
Viscosity

Control Characteristics of Typical Processes

System Order *
Generally second
First or second
First
First
First
First

Typical Range of
Time Constants
30 sec to 10.0 min
1 sec to 10.0 min
0.1
to 5.0 sec
1.0
to 10.0 min
0.2
to 10.0 sec
0.5 sec to 5.0 min

* Refers to order of describing differential equation.
that liquid flow processes are generally characterized by an extremely
short time constant and may be represented as a first-order system.
The process would be infinitely fast were it not for the elasticity of the
piping and the compressibility of the fluid flowing. A small amount
of dead time or transportation lag results from the physical separation
of the measuring point from the controlling point. This dead time is
equal to the speed of sound in the fluid media. Liquid flow rates are
generally controlled by maintaining a fixed pressure drop across an
orifice or some other type of restriction in the process piping. The
secondary or sensing element takes on the form of a differential pres-
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sure-measuring device such as a mercury manometer, or more recently,
the mechanical-type transducers.
Although the manometer or differential-head meter is most commonly found in the process industries, other means are available for
fluid flow control. Positive displacement meters find wide application
where precise flows must be measured and maintained. The common
meter at the gasoline pump is an example of this. Further, the recently
developed mass flow meters are finding application where mass rates
must be accurately measured and controlled. These latter type meters
should be particularly adaptable where two-phase flow is present, such
as in slurries or in vapors entrained with liquid.
A second maj or operating variable, pressure, is generally controlled
by the rate of material addition or removal from process vessels.
Hence, the time constants of pressure processes depend on the size of
the vessels, as well as the flow rates into and out of them. These time
constants will vary between fractions of a second, for extremely fast
processes, to several minutes for the slower ones. If several vessels are
connected in series, then several time constants may be involved. This
will result in a control problem that is somewhat more difficult to
solve.
Perhaps one of the most important variables from the operational
point of view is that of temperature. Temperature generally dictates
the amount or degree of reaction in the chemical process. Again in
the physical process, temperature may effect to a very great extent
the degree of separation. This is especially true in fractionation. This
important variable is controlled by the modulation of heat or material
input to the process. Heat input implies a heat transfer from a heating source to the process fluids. Generally, owing to the thermal
resistance at the heat exchange surface, this heat transfer will be a
slow process. Also, the thermal capacity of both the supply and the
demand enter into the rate of heat exchange. If the supply capacity
is large, then the time constant of a thermal process may be considered
as equal to the product of the thermal-resistance and the thermaldemand capacity. It is evident then, that the time constant may
vary between a few seconds to, perhaps, several minutes. When the
heat transfer rates are high, as with clean liquids at high velocities,
we expect to find short thermal time constants. Conversely, with
slow-moving, viscous, or dirty liquids, a high thermal resistance limits
the rate of heat transfer, which may result in a long time constant.
However, most thermal systems are not adequately represented by
a single time constant. In order to insure protection to the primary
measuring element it is often placed in a protecting sleeve called a
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thermowell. Thus, a second time constant may be added to the system
in series with the first. Means for eliminating this second time con ..
stant will be discussed in Section 14.5.
The importance of liquid-level measurement and control is obvious.
In a reaction vessel, a level is required to provide holding time. In
an accumulator which provides surge capacity, liquid-level control is
required to prevent the vessel from running over or from becoming
completely emptied, resulting in a loss of pump suction. The method
of control is also obvious-control is effected merely by changing the
addition or withdrawal rate of fluid to the vessel. Holding times for
various level systems may lie between a few seconds to many minutes.
14.2.1

Definitive Product Variables

Definitive product variables are those that describe properties of
the product such as specific gravity, color, vapor pressure, end boiling
point, refractive index, viscosity, pH, etc. Most of these variables are
physical in character and are included directly as part of the product
specification or are correlatable with the product specification. Many
of these variables are now determined by laboratory-type instruments
which operate on the batch-wise principle. This is particularly true
of end boiling point measurements and vapor pressure measurements.
To be employed in the process automatic control loop, however, these
variables must be measured on a continuous basis by continuous flowtype analyzers. In many cases analyzers cannot be built which will
measure the product property in exactly the same manner as the
laboratory-type instrument. In these instances, an indirect method of
determining the desired property is employed. Even though these
latter continuous-flow analyzers do not measure product specification
directly, very frequently the instrument output can be correlated directly with laboratory determinations. Sections 14.6 and 14.6.1 of
this chapter will discuss recent developments in these analyzers.
Product composition may be considered as the ultimate variable
that must be measured and controlled. Many new and ingenious
analyzers are being developed and applied to the continuous measurement and control of composition. Although product composition is
generally considered a chemical property and is determined by chemical means, in many instances it may be inferred from a physical
measurement. To name a few of the more important physical methods
we find infrared spectrophotometry, ultraviolet spectrophotometry,
mass spectrometry, nuclear magnetic resonance, emission spectrophotometry, and the radio-frequency spectrograph. All these instruments
determine a physical characteristic, either of the product or of the
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predominant impurities. There are other instruments such as the
titrimeters, the operating principle of which is based on the measurement of chemical properties of the product. These analyzers will be
considered in more detail in Section 14.6.1.
All of the definitive variables are controlled by changing one or
more of the operating variables. The ability to control depends upon
the existence of a definite relationship between the various operating
variables and the product quality. The relationship above, among
other things, is a function of the feed stock or raw-material character
as well as a function of the equipment and its limitations.
To review briefly, control of anyone of the operating or definitive
variables can be considered as the regulated modulation of either
energy or material input into the system. This concept of energy
modulation is a very important one and will be encountered again
and again during the study of Section 14.3, which deals with basic
forms of control systems as they are found in the process industries.
14.3

SINGLE-VARIABLE CONTROL SYSTEMS

The single-variable control system is basic. It can be considered
as a building block upon which all other systems are built. It is the

.B-~~-----I'II--------t
FT-flow transmitter.
FC-flow controller.
Fig. 14.1 Typical single-variable control system

most common in industry today and represents perhaps 90 per cent
of all control systems which are encountered. This basic system may
be defined as one in which a single variable is measured, which in
turn provides the control signal to modulate a single energy input
to the system to maintain that variable at the predetermined set
point. For example, in Fig. 14.1 a typical orifice meter flow control
system is shown. The primary element, an orifice or other restriction,
in the main line produces a pressure drop which is a function of the
flow rate. The measuring element, which is generally some form of
manometer, measures the differential head produced across the primary
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element. In this particular example the measuring element has associated with it a transducer which converts the differential head into a
proportional pneumatic signal. This pneumatic signal then is fed into
a pneumatic, controller where it is compared with the reference input
or set point. The controller then operates on the error signal thus
produced and provides an output signal in the form of a pneumatic
pressure change. This modified error signal or control signal, as it is
called, becomes the input signal to the final control element which in
this instance is a control valve. Process piping then completes the
control loop.
Note that in the example above, control was effected by modulation
of energy input. In this particular instance, kinetic energy was involved. Factors affecting the control of the single-variable system
include both static and dynamic quantities. The static factors include those of overall system gain; system nonlinearities, such as limit
stops, or saturation; and the process characteristic known as selfregulation. Dynamic factors would include the time constants, dead
times, and the system order-in other words, the frequency variant
part of the system transfer function.
When two or more single-variable control loops affect the static
or dynamic equilibrium of a process, the control problem becomes
somewhat more complex. Perhaps the best example of a complex
process in the petroleum industry is the fractionating column as shown
in Fig. 14.2.
A note of warning must be injected at this point. The instrumentation shown in Fig. 14.2 does not represent a fixed or inflexible control
scheme for all fractionating columns. Each problem must be assessed
in the light of the particular job which the column must do. Hence,
the instrumentation scheme of a neighboring column may not bear the
slightest resemblance to that shown in Fig. 14.2.
Returning to Fig. 14.2, note that there are six single-variable controlloops in this particular process. The feed to the column is maintained by a single-variable flow control loop. Likewise, the reflux
to the top of the column is regulated by another flow control loop.
Both the top~ and bottom-product flows are determined by level controllers, first, on the top-product accumulator, and second, at the
bottom of the column. Temperature is maintained in the bottom of
the column by modulating the heat input again by a single-variable
control loop. The pressure in this particular column is maintained
by throttling the cooling water to the vapor condensers. This represents a case of throttling or modulating the energy removal.
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Please note that in a complex process of this type, a change of any
one of the six operating variables would momentarily upset the stable
equilibrium conditions existing in the column. For example, if the
operator were to increase the feed rate, the temperature in the bottom
of the column would decrease, the pressure would decrease, the bottom
level would increase, the top level would decrease. These variables

Bottom product

PT-pressure transmitter.
PO-pressure controller.
LC-Ievel controller.

TT-temperature transmitter.
TO-temperature controller.

Fig. 14.2 Typical fractionation column control system

would remain in the transitory state until such a time as the column
reached new equilibrium conditions. Because of the interdependence
of the variables, such a system is said to be cross-linked or interacting.
If the exact relationship between the variables is known, then this
interaction or cross linking may be effectively neutralized by the addition of several degenerative feedback loops. A similar method has been
suggested by W. E. Phillips for the control of turbojet engines (6).
14.3.1

Cascade Control Systems

Although entirely adequate for many industrial applications, the
single-variable control system suffers certain deficiencies when the
operating variable is subjected to load changes and must be controlled
precisely within limits. The deficiencies of the single-variable con-
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trol system have, in many instances, been removed or minimized by
the cascade control system. By definition a cascade control system
is one in which the set point or reference input signal is the control
or output signal from another controller. An example will best serve
to illustrate this principle. Figure 14.3 shows a temperature control
system on a product stream leaving a direct-fired furnace. The
temperature is measured at the exit of the furnace and is compared to
the reference or set point signal at the controller. The output of the

Feed in

Fig. 14.3 Cascade control of a fired heater

temperature controller instead of directly modulating the energy input
serves as the input or reference signal to a secondary controller which
maintains a constant gas pressure at the burners. Such a system is
relatively independent of any load changes which may occur in the
gas header pressure upstream from the diaphragm motor valve. Without the secondary control system, any changes in gas header pressure
would result in a change in energy input to the furnace. Some time
later, determined by the dynamic response of the furnace, the temperature controller would then sense the heat input change. It is
readily apparent then that the cascade control system has a vast
superiority over the single-variable control system in this particular
application. In general, it will be found that cascade control will be
of value when load changes are possible in the energy or material supply to the processing unit. In essence, cascade control eliminates the
effect of specific disturbances upon the maj or control loop.

:·l"
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Another example of a cascade control system is shown in Fig. 14.4.
Temperatures at the top of the fractionating column are generally
maintained by varying the reflux flow rate to the top of the column.
In this particula.r example, the column-top temperature controller
provides the set point-signal to the reflux flow controller. If the flow
controller were not in the temperature loop, then the temperature controller would operate the reflux valve directly. Any load changes in
the reflux rate caused by pressure surges either upstream or down-

Fig. 14.4 Cascade control of temperature at top of fractionating column

stream of the control valve would result in a change in tower-top
temperature. Now, as we learned from Section 14.2, that temperature
processes are relatively slow,<this would result in a corrective action
that would be long in taking effect. However, with the cascade control system, any load. change due to a pressure surge would be immediately attenuated by the fast flow control system. The overall
result is a temperature control system which is superior and capable
of maintaining the tower temperature within close limits.
Although the control systems discussed thus far are adequate
solutions for a good majority of control problems encountered in
industry, a more sophisticated answer is needed in some instances.
This leads directly to the coordinated control system which will be
studied in the next section.
14.3.2

Coordinated Control Systems

As the name implies, coordinated control systems are those in which
the set point or reference input signals to several controllers are pro-
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vided by a single master controller or computer. In this light it may
be considered as a modified parallel-cascade system. Of the control
systems studied thus far, the coordinated controllers are capable of
the highest degree of precision and stability.
Modern combustion control of present-day steam boilers is a good
example of a coordinated system. A typical scheme is shown in

i"elga,

Steam header

,......-.-~~---:---1

11I __
I

Flue gas

I

I

-----

FT

Feed water

1: 1 rati.o flow
controller

Fig. 14.5 Coordinated control on a modem steam boiler

Fig. 14.5. Note that the master controller, in this instance the steam
header-pressure controller, provides the reference input signal to both
the gas flow control system and also to the air flow control system.
Thus one reference input signal is supplied to each of the secondary
controllers. In this case, the signal is the demand for a change in
energy input to the boiler. Since there is approximately a one-toone relationship between the energy input and the air required for
combustion, only a single reference input signal is required. On the
other hand, if the relationship between fuel flow and air flow were
other than one to one, a separate input or command signal would be
required by each controller.
Also associated with this particular boiler are several single-variable
control systems. The draft controller maintains a given fire box pres-
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sure by operating' a damper in the flue gas line. Note also in the fuel
system that a pressure connection is made at the burners and is
brought back to the fuel flow controller. The function of this particular
connection is to operate a low-pressure limit control in the fuel flow
circuit. Were it not for this low limit control, it would be possible for
the fires to be completely extinguished, which of course would create
a hazardous condition when the. demand again called for the gas to
be turned on.
Although not a true coordinated control system, the boiler feed
water regulator shown in the same drawing is an interesting example
of a multiple-element cascade control system. Note that a singlevariable, feed water flow ,rate, is being manipulated. The main or
primary control :loop regulates the feed water; The set point to' the
flow controller is generated by the steam flow recorder-controller.
This is an example of ratio fl9w control in which there is a one-to-one
ratio between the two flows. 'The output signal of the ratio flow control system, instead of operating directly as the final control element,
is modified by still a third controller-in this instance the steam drum
water-level controller. In effect, the system operates as a one-to-one
ratio flow controller with a trimming action superposed by the steam
drum water-level controller.
14.3.3

Supervisory Control Systems·

Supervisory control systems are those that limit the actions of the
main process controllers. Included in the supervisory category are
the alarms, overrides, limit stops, and also the safety shutdown devices. Most process variables have a definite limit beyond which it is
undesirable for the variable to traverse. It then becomes necessary
to provide some device for either initiating a control action or warning a human operator of the abnormal condition. If the abnormal
condition does not· result in a safety hazard to the operating personnel or in a completely. ruined product, then a simple alarm is generally sufficient. .However, whe~e 'definit~ safety hazards are involved,
process control systems may be equipped either with limit stops or
safety shutdown devices..
,
.
Practically a~l of the super~isory control systems are complete on-off
control loops ' i~ 'themselves. The output of these devices is in the
form of a yes or ,no command to the main process controllers dictating
whether they should function or not." These systems must be carefully engineered so th,at any automatic shutdown will proceed in an
orderly and s~fe'm~n~'er,.", :
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Later on in Section 14.5.3 of this chapter, the use of data-handling
equipment to perform many of the supervisory functions will be ~is
cussed.
14.3.4

Computer Control Systems

The fifth, and most highly",developed control system considered
thus far, is termed computer control.. In general the computer control
Raw material
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Product specifications
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Feed stock supply
Optimum position from economic studies

Fig. 14.6 Present-day control of a processing unit

system will be a combination of the first four types of systems and
may contain one or all of them. In addition, a computer will be used
to provide the several reference signals to the individual controllers.
The position of the automatic computer in the overall control loop can
best be illustrated by studying existing control practice. Figure 14.6
shows a fictitious processing plant in which several variables must be
controlled in order to provide the optimum product yield and quality.
In order to determine intelligently the set points or reference input
signals for the individual variable controllers, the operator must have
a complete knowledge of the feed stock properties as well as of the
instantaneous properties of the product leaving'the plant. In addition to these definitive variables, the operator must have at his command a knowledge of the relationship betweeil his plant variables and
product quality. With just this amount of information the plant
operator can then produce the product that will meet the buyer's
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specifications. Thus it is apparent that the first application for a
computer would be that of replacing the human operator in so far
as the plant relationships could be reduced to some definite formula.
Note also in Fig. 14.6 that certain other pieces of operating information are utilized by the operator. These include instructions from
higher management dictating the amount and kind of .product to be
produced. Also included would be information concerning equipRaw material
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Fig. 14.7 The automatic processing plant

ment limitations, feed stock availability, and contractural obligations.
These latter data are derived from a management function which
deals with a study of the existing as well as of the proj ected market
demands: A second application for a' computer, then, would be to replace certain management functions which deal with market analysis
and opti~um economic plant operation.- It is interesting to note
that several large oil refiners already have purchased digital computers for this very purpose. The outputs of these computers will
still be in the printed form which requires a human operator to form
a part of the control loop.
Figure 14.7 shows a block diagram of the completely automatic
processing plant where routine decision making is taken from the
human operator and placed in the computer. As has been stressed in
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previous lectures the computer-controlled plant will' not be entirely
devoid of the human operator. He will still be necessary for emergency
operations as well as for startup and shutdown procedures.
An interesting point about the computer-controlled plant as described in Fig. 14.7 is that there is a definite possibility of feeding
ticker tape directly from the stock market to the management computer which will allow continuous analysis of market conditions.
Feedback instructions from sales surveys can also be fed into the
management computer to predict market trends which will allow
timely adjustments to be made in production rates to meet the market
demands. It should be pointed out that there is in existence today,
no completely automatic processing plant. However, ,the technology
is available.
14.4

SERVO TECHNIQUES TO EVALUATE THE DYNAMIC
CHARACTERISTICS OF PROCESS EQUIPMENT

Within the past two years, there has been a rapid advancement in
the application of servo techniques in the study of process control
systems. Table 14.2 lists the various system appFcations which have
Table 14.2

Application of Servo Techniques to Process Control Systems
Process
Liquid flow system
Heat exchanger
Pneumatic transmission line
Furnaces
Fractionating columns
Compressors
Instruments (controllers)

Reference *
14
13
8
Unpublished
12
Unpublished
11,15

* See bibliography at end of chapter.
been investigated to date. Included in this list are direct-fired furnaces,
flow control systems, heat exchangers, fractionating columns, compressors, pneumatic transmission lines, and various and sundry control devices. It is interesting to note that controller manufacturers
themselves are utilizing frequency response techniques in the design
and development of new control instruments. In fact, it will not be
in the too far-distant future that control equipment transfer functions
will form a part of the control equipment specifications as set down
by the instrument purchaser.
To appreciate the magnitude of work represented in Table 14.2, let
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us briefly review the factors and equipment involved in obtaining the
frequency response characteristic of a typical process. First, there
is needed a sine wave generator compatible with the control system
at hand. Most applications in the process industries require a generator whose output is in the form of a pneumatic sine wave. Before
1953, at least to the writer's knowledge, there was no commercially
available pneumatic sine wave generator. All such equipment had
Pneumatic
sine wave
generator

Transducer

)

I

I

tL __

I

Oscillographic
recorder

l'
1--...1

Fig. 14.8 Application of servo techniques to investigation of process dynamics

to be hand-built and calibrated. This lack has been rectified by the
recent appearance of several commercial generators. However, the
cost or- these instruments is still outside the range of many potential
users. An important requirement of the sine wave generator is that it
be continuously adjustable over an extremely wide range of frequencies
from perhaps 1 cycle every half hour to perhaps 60 cycles per second.
The amplitude of the sine wave must also be adjustable as well as its
average pressure level. The latter adjustments are necessary to limit
the magnitude of process changes occurring while the frequency response data are being obtained in the plant. Second, various transducers are required to convert the process variables into electrical or
pneumatic signals capable of being handled on standard recorders.
For fast processes it is imperative that electrical recorders be used
to minimize the effect of transmission lines upon the observed data.
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Data are normally obtained while the plant is in actll:al operation
and producing a specification product. The manner in. which the
equipment above is inter~onriected with the control system1s shown for
a flow process in Fig. 14.8.':A:fter the equipment has been'~,completely
connected, the tests are ready \to begin.
When the process is chani'ctetized by long time constants') relatively
low frequencies must be· investigated. If an approximation to the
process time constant can .be made, the corresponding breaK frequency
may be calculated from the following formula:
cycles per second if T

=

seconds

The "break frequency" is defined as the frequency at which the
limiting asymptotes intersect in tl:te Bode diagram. For the ,first-order
system this intersection occurs Ett a point where the amplitude has
been attenuated by 3 decibels and the phase shift is 45 degrees.
The frequency range of interest then will range from one-fourth of
the break frequency to three or four times the break frequency. Thus,
for a thermal system which has a time constant of 3 minutes, the
break frequency will be on the order of one-twentieth of a cycle per
minute or 3 cycles per hour. This means that a considerable amount
of experimental time must be expended to obtain the frequency response characteristic of the thermal process. Often wh~r cycling a
process at the rate of 3 cycles per hour, many load changes will occur
in the process during the period of 20 minutes. This will render interpretation of the data rather difficult. Therefore, the tests may have
to be repeated several times and a statistical average taken of the
data in order to arrive at a meaningful result.
Figures 14.9 and 14.10 show the frequency response characteristics
of a typical Dubbs cracking furnace. These two figures together
constitute what is known as a "Bode" diagram. In Fig. 14.9, note the
intersection points of the straight-line aSYI~ptotes from which the
process time constants may be evaluated.
Figure 14.11 shows a schematic diagram of the Dubbs furnace and
also presents the transfer function as derived from the data. appearing
in Figs. 14.9 and 14.10. At the other end of the frequency spectrum
lie the fast processes such as flow control systems and certain pressure
control systems. At the hig~ frequencies, limitations of the 'measuring
equipment may be enco~nte~ed. For example, above 10 or 20 cycles
per second many of thepne.pmatic sine wave generators in -use today
become nonlinear with a '_resulting high degree of harmonic distortion.
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The output also may be attenuated below a useful level. The characteristics of the recording equipment and the transducers must also
be considered when used at the higher frequencies. Therefore, the
frequency response data obtained on fast processes are meaningful
only when a limitation upon them has not been imposed by the measuring or recording equipment.
,
The operation of the plant is another factor to be considered when
making frequency response measurements. Management generally
will not allow cyclic operation of the plant to such an extent that
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Fig. 14.11 Cracking furnace and transfer function derived on the basis of time constants and dead time obtained from figs. 14.9 and 14.10.
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product specification tolerances will be exceeded or that dangerous
operating positions will be reached. In these cases it is necessary
to limit the amplitude of the cyclic input signal. Often the permissible
amplitude of this cyclic signal is approximately equal to the normal
noise level in the process. In these cases, a series of data runs made
at the same frequency can be analyzed statistically to improve the
signal-to-noise ratio.
The ultimate goal in the application of frequency response techniques
to control equipment and industrial processes is to catalog all the transfer functions of each component part of the many industrial control
systems. This catalog, then, will provide a ready reference for the
systems engineer, allowing him to predict ahead of time, while the
process is still on the drafting table, all of the control functions which
will be needed, how the proposed control system will operate, and
finally the cost of the control system. Today many data are available on the instruments themselves such as the measurement devices,
the controllers, the final control elements, and the pneumatic transmission lines. As was shown in Table 14.2, a start has been made in

PETROLEUM AND CHEMICAL PROCESS CONTROL

439

accumulating response data on processes and their associated equipment. Much more work needs to be done along these lines before this
catalog can be finally compiled.
This section concludes the review of the developments that have
brought about the automatic processing plant of today. In summarizing, some of the characteristics and problems which are peculiar
to the .process industries have been considered. Briefly the first part
of this chapter has dealt with the operational variables as well as with
the product variables, which must be measured and controlled. We
have studied the various forms of control systems from the simple
single-variable to the complex computer-type control system. And
lastly, a brief description has been given of the application of servo
techniques in analyzing the preceding control systems. The remainder of this chapter will be devoted to recent developments in
control equipment which will lead to the automatic processing plant
,of the future.
14.5

RECENT DEVELOPMENTS IN PNEUMATIC CONTROL SYSTEMS

The need for fast and precise control systems is being felt by the
chemical and petroleum industries. Transfer line cracking, thermal
flash cracking, and grid tray fractionating columns are examples of
processes characterized by time constants on the order of 1 second or
less. For controL systems involving these processes, limitations are
reached in the response speed of the pneumatic controllers themselves.
This fact has spurred the development of pneumatic devices whose
frequency response characteristic encompasses a greater frequency
range. For example, some of the mechanical manometers operating
on the force balance ,principle are capable of measuring differential
pressure changes· as rapid as 20 to 30 cycles per second. There is some
attenuation of the signal at these frequencies to be sure; however, the
useful range of these devices has been extended many fold over the
older-type measuring instruments. Bear in mind that a response of
30 cycles per second by a pneumatic device is quite remarkable indeed. The frequency range of pneumatic controllers has been extended
upward past 10 cycles per second in some of the more modern controllers. This too is remarkable when we consider that both the input
and output signals are pneumatic in character. Several of these latter
controllers have been developed by instrument manufacturers by applying the servo techniques as described in. the previous section.
A second· development of importance among the pneumatic devices
is the relatively rec~,nt introduction of narrow-span; primary sensing
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instruments. Narrow span may also be referred to as zero suppression.
There are at least ,.two commercial temperature-measuring instruments
with a pneumatic output which provide a span of 50° F. The importance of narrow-span elements becomes apparent when it is realized
that the inherent accuracy and sensitivity are generally a certain fixed
percentage of the' overall range or span of the instrument. Thus, an
instrument with an iI!herent sensitivity of 0.5 per cent of the span will
detect a 0.25° F change'if the span is ~Oo. Now, for example, if the
temperature being measured were at 1000° F and the measuring instrument had a span' of 0 to 1000°, a sensitivity of 0.5 percent would
be equivalent to 5°. Thus,the greater superiority of the narrow-span
instrument is readily apparent and in this instance is 'better by a
factor of 20 to 1. Several of these improved temperature-measuring
instruments have incorporated derivative or rate action -in themeasuring circuit. As will be recalled from Section 14.2,during the discussion of thermal control systems, it was often found ,necessary to
provide protection to the primary thermal element.~his added a
second time constant to the control loop which in many cases was
found to be the limiting factor. The addition of rate action in the
-measurement circuit' now allows us to cancel one of these constants.
Thus, by the addition of a proper amount of rate action, the thermal
process can be simplified from a second~order to a first-order system.
Pneumatic pressure transmitters that permit the selection of any
20-psia span between the limits of atmospheric pressure and 1000 psia
have also been developed. This, then, "extends the field of narrowspan instrumentation to pressure systen;ts also.
Perhaps the most interesting groupaf pneumatic devices currently
available are the pneumatic computing ~elays. Relays ,are available which will add two numbers in tIle {prm, of pneumatic signals.
Others will subtract, and still oth~rs will add ,and subtract simultaneously. Still other relays are available that can multiply by a constant
or determine the ratio of two pneumatic signals. To round out the list
of pneumatic computing devices, there are the pseudo-derivative
unit and also the pseudo integrator. By the proper interconnection of
the units above, a pneumatic signal may be modified in any manner
involving the mathematical processes of addition, subtraction, multiplication, integration, and differentiation.
We note that the recent developments have been primarily concerned with speed of response and extension of. the frequency capabilities of the control equipment. One limitation imposed upon_ controlsystem stability when using pneumatic controllers has been the transmission line. This is especially true when long lines are used and
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the time lags introduced by the lines themselves may be equal to
or greater than the time constants of the process. For this reason,
on fast processes there has been a trend toward mounting of the controller at the process in order to eliminate the long transmission lines
which may be involved. This has necessitated the development of
new types of controllers which will allow placement· of the controller
at the process and extension of the control indications back to the
control board where the operator may keep. in clol?e touch with the
process. Also, because of the field-mounting' requirements, most
present-day controllers are· of the plug-in or quick:"disconnect type.
Mounting of the controller at the panel requires only two transmission lines, OI~e from the primary measuring element, and one to the
final control element. Controllers mounted iIi the field, however, require additional transmission lines for remotely changing the reference
input signal to· the controller.
In summarizing the developments in pneumatic control devices, we
find the wide application of narrow-span primary sensing elements.
High-speed controllers and measuring elements are now capable of
keeping up with most industrial processes. Also available are pneumatic computing relays that can be utilized to provide any degree of
sophistication required by the control problem. And lastly, pneumatic transmission lines can be removed from the control loop by
the .remote mounting of the pneumatic controller. Thus, for most
applications modern pneu~atic control devices are capable of produc~
ing a.degree of control with acceptable speed and accuracy.
14.5.1

Electronic Control Systems

As was· pointed out in the previous section, pneumatic control systems are capable of coping with relatively high-speed systems and
provide a satisfactory degree of control. There are a few instances,
however, where even greater speed of response is required. It is in
these instanc~s where electronic control systems found their beginning.
Once the possibility of applying electronic controls had been definitely
established, many other advantages of electronic control were discovered. It is, of course, obvious that there are virtually no transmission lags to contend with in electronic control systems. Secondly, the
frequency response characteristics, not only of the transducers but
also of the control equipment, have been vastly improved over those
of the corresponding pneumatic devices. Perhaps one of the most
significant contributions of the electronic control f?ystem is the elimination of dead time. Dead time, which is characteristic of most mechanical and pneumatic devices; is a large factor in limiting the highest
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,ftequencies at which the pneumatic or mechanical device is, usable.
Since control engineers need no longer be concerned with transmission lags, an entirely new concept of building processing plants has
opened up. All control equipment can now be centralized in a single
control room. The space requirements will be considerably less than
in present-day plant layouts where several control centers are scattered
throughout the processing area. Second, combined with other modern
electronic control aids, the electronic-controlled plant will require less
supervision and less operating labor. This results in a greater saving
in capital outlay as well as in savings in operating and supervision
personnel requirements.
There are other advantages to electronic control systems. The
transmission medium now in the form of electron flow is not adversely
affected by ambient conditions, such as temperature, humidity, etc.
This is in direct contrast to the other forms of controllers requiring
a pneumatic or hydraulic supply. In the case of pneumatic control
systems, a clean, filtered air supply is required. This in itself represents considerable capital outlay. If the air is not completely dry,
then the possibility of corrosion in the pneumatic piping is possible.
This causes malfunctioning of the pneumatic control equipment. Also,
the presence of water in the instrument air supply is especially dangerous in those sections of the country where freezing conditions may
be encountered in the wintertime. For this reason, elaborate drying
equipment is an absolute necessity in the colder climates.
Electronic control systems are not entirely without disadvantages.
The initial cost of the control equipment is somewhat greater than
that of the' corresponding pneumatic equipment. However, newer
manufacturing techniques are slowly closing the gap. Secondly, electronic control systems utilizing vacuum tubes are susceptible to all
the vagaries of the vacuum tube and may require frequent maintenance. However, the reliability of electronic control equipment is
being increased tremendously through the use of transistors and the
printed- or etched-circuit techniques. Another disadvantage of electronic· control systems is that a new class of instrument maintenance
personnel would be required. This means that a training program
would necessarily be undertaken by the industry. However, since
technological advances appear !\to be headed in this direction, this is
not an unreasonable task to ask of industry.
One advantage of the electronic control system which has not been
mentioned is the fayt that the control signals are readily adaptable
for interconnection with data-handling equipment and computers.
This is true since both the measured variable and control signals are
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either a-c or d-c electrical quantities. In a pneumatic control system
these signals are in'the form of proportional air pressures. To utilize
data-handling equipment with the pneumatic system would require
the use of many expensive transducers. An alternative to this is the
use of one transducer on a time-sharing basis.
Today in the United States and in Europe there are at least several
manufacturers who are in a position to supply essentially all the components necessary for a complete electronic control loop. There are
also several United States manufacturers currently supplying just the
electronic controller. In general, these controllers contain the same
functions as the pneumatic-type controllers.- Proportional action, integral action, and rate action are available in the present-day electronic
controller. In keeping with modern trends, most of these electronic
controllers have been miniaturized so that they require a minimum
of space on a control panel board. Some of the controllers are of the
plug-in or componentized type for ease of maintenance.
In present-day practice the only part of the electronic control loop
which is not electronic is the final control element and its operator.
A diaphragm motor valve still requires air or hydraulic fluid for its
operation. A transducer is provided to convert the electrical signal
coming from the controller to a proportional fluid pressure which is
supplied to the top of the diaphragm control valve. This pilot transducer, or pilot relay as it is sometimes called, is mounted directly·
on top of the control valve in order to minimize any transmission
lag.
Two separate applications of electronic control systems to a processing unit have been reported in periodical literature. The first of these
units, in England, has been on stream since 1951. The second plant
utilizing electronic control has been on stream since early 1954. In
both instances the experiences have been good. Much tighter control
has been realized than would be possible with pneumatic control equipment. Secondly, it has been found that less maintenance time has
been required on the electronic system as compared with conventional
pneumatic control equipment. On the basis of these two cases it must
be concluded that both the· accuracy and reliability for industrial
process control can be provided by electronic control systems. The
future of electronic control is unlimited. There is the definite possibility that the many single-variable controllers in the process may
be replaced by a single electronic computer which will perform all the
requisite control functions in an orderly and consistent manner. Thus,
there is the definite possibility of simplification of our present-day
control systems. This in itself would result in a considerable reduction
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in initial capital investment in control equipment. Secondly, the improved precision of control is unquestionable.
.
14.5.2

Graphic Panels

One of the interesting developments along the road toward automation has been the graphic panel. As the name implies, the graphic panel
is a picture o~ flow sheet of the process laid out on the control panel
board which shows all pertinent pieces of· processing· equipment and
interconnecting flow routes. The miniature recorders and controllers
are then located on the panel board in such a position that they
are schematically superposed on the variable which, they actually
control or record. The graphic panel can be considered as an aid
that will allow a greater and more rapid comprehension of the process
by the operator. The graphic panel is vahiable for several reasons:
first, it allows the rapid training of new operators ; second, it ,provides
an easy and rapid picture for diagnosis by the operator when the plant
is in an upset condition.
Graphic panels have been directly responsible· for instrument miniaturization. By its very nature the flow sheet requires clustering of
many instruments in a small space. The very purpose of the graphic
panel would thus be defeated if the large-cased "instruments were
used. Certain operational difficulties' have arisen through the use of
'graphic panels and miniature instruments. For example, should any
one particular piece of equipment require maintenaIice', then a mechanic
working 'on that instrument from the front of the panel board would
block from the view of the operator perhaps four 'br five other control instruments. This very reason was ,a large c'ontributing factor in
the development of the plug-in or componentized "instrument. Now
the instruments are blocked from view only as long as it takes the
instrument technician to unplug one control, unit or recorder and to
plug in a spare in good working order. This ~as actually been a
boon to the maintenance program since it removes the urgency of
maintenance and allows repair of the defective component to be made
in the shop where more desirable working conditions"are available.'
The use of the graphic panel and miniature instruinents has resulted
in a saving in control room space requirements. This is a direct savings in capital investment. The use of the graphic panel, has also
brought about a trend toward the centralization of ~ontrol equipment.
As was pointed out previously, the centralization of :control will reduce
,the supervisory and' ~operational requirements. Thlst:rend toward
centralization will undoubtedly be accele:r;ated with the availability
of .reliable electronic control equipment.
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The graphic panel also provides a very convenient place to mount
the supervisory control systems such as alarms and automatic shut- .
down equipment. By the placement of colored lights directly in the
process flow diagram, the operator can be instantly alerted to any
abnormal condition and can direct his attention to that section of the'
plant requiring correction. Thus the graphic panel not only provi4es
an overall picture of the operation when it is in stable equilibrium
but it also provides a picture of any abnormalities existing therein.
It is the opinion of the author that graphic panels and panel boards
in general, as we know them today, are merely a transitory phase in
the road to complete automation. As the industrial processes become
more and more complex and require decisions to be made more rapidly.;
than the capabilities of a human operator, these functions will then
have to be relegated to automatic computing equipment. This leads
naturally then to a consideration of the next subject-that of datahandling equipment.
14.5.3

Data-Handling Equipment

Digital data reduction and data-logging systems are two of the
stepping stones to the computer-controlled processing plant. Data
reduction is a process of bringing together or correlating all of the
information derived from the'.measuring instruments and automatically
translating such information into a form which may be suitable for
automatic computing and logging equipment. The importance of datahandling equipment in the automatic plant can hardly be overemphasized. First, its use would J:'esult in the elimination of the time-consuming and costly manual '-logging of plant operating data. As is
generally the practice, an operator is required, at least once an hour,
to read and record the important operating variables in his plant.
Many times when a plant is ·in an upset condition, the operator may
postpone his readings or may completely eliminate a set of readings
while he is gttempting to bririg the plant back into stable equilibrium.
It is at these times when dat.a become very important since they will
be used in the analysis of and in the subsequent elimination of plant
operating difficulties. A second advantage of the data reduction equipment is the complete elimination of human errors and gross mistakes.
When these data are to be used in plant efficiency studies or for cost
accounting purposes, errors become intolerable and may render useless the remainder of the data__ This is especially important when new
processes are put into operation. It is then that huge quantities of
data must be logged and stored away until such a time that a thorough
analysis of the operating plant may be made. This applies partic'ularly
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to pilot plants which are generally small models of the large processing
unit. Since the main function of the pilot plant is that of data
gathering, it would appear that data reduction and logging equipment
is an absolute essential.
After the data have been logged or recorded they must then be
analyzed. Certain analytical functions can be and are being built
into commercially available data loggers. Some of these functions
include (1) the continuous integration of all process flow rates to
give a total daily production figure; (2) an hourly as well as daily
average-yield balance around the plant; (3) efficiency balances around
certain pieces of operating equipment may be computed and logged
hourly. These latter functions provide the operating and supervisory
personnel with up-to-date efficiency information so that the process may
be run at its optimum economic position.
Data-handling systems, of which there are several available today,
may be programmed to scan continuously the several hundred opern.ting variables to be found in a modern processing unit. Once an
hour, on the hour, or more frequently if desired, the instantaneous
values of the individual variables are stored in the memory of the
data-handling equipment. The data logger then scans its memory and
converts each variable into a digital form which can then be logged
by any standard read-out device. This is the first function of the datalogging equipment. A second part of the program is a continuous
scan of the process variables with abnormal read-out. In other
words, the data-logging equipment is continuously monitoring all the
process variables. When anyone of the variables exceeds certain
predetermined limits, either on the high side or on the low side, this
fact will initiate the read-out cycle. The variable that is abnormal
or has exceeded these limits will then be printed out in red type, and
the signal may also be utilized to actuate an alarm or other safety
device. Thu~ the data logger can be used to fulfill certain of the
supervisory or limiting control functions.
The use of data reduction equipment has a further implication in
future automatic control systems. It is envisioned that very few if
any process variable recorders will be required in future plants when
data-logging equipment is installed. The log itself provides all the
information necessary to operate the plant properly. Readings of all
variables are given at definite intervals of time. If the process wanders outside of these limits, then such facts are noted on the data
logger in red ink. If it is still considered that one or perhaps several
variables are of sufficient interest that they must be continuously recorded, the control center of the future will probably contain a multi-
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channel strip cha~t recorder for just such a purpose. If this is true,
then the many single-function recorders which we find in today's
processing plants will no longer be required. This in turn will result
in a complete elimination of the panel boards as we know them
today. The greatest outcome of this development, then, should be a
considerable decrease in the initial capital outlay for instruments and
control equipment.
There are at least three different systems being offered to industry
today. Applications of two of these have already been reported upon
in the periodical literature. The systems available are similar in
these respects. The inputs to the data-handling equipment' may
be either pneumatic or electrical signals. These signals are generally analog in character, being derived from the many measurement
transducers. The reduction equipment then operates on the input signals to convert them to digital form. Several types of outputs are
available: the automatic typewriter, the perforated tape, or the
punched card. A combination of outputs such as automatic typewriter and perforated tape is also available when it is desirable to
further process the data by automatic computing equipment.
In light of the discussion above the role played by the data reduction equipment is self-evident. It is actually the link between the
process operations and the supervisory computer which will be found·
in the automatic processing plant of tomorrow. In Section 14.3.4 on
computer controls, a block diagram of an automatic processing plant
. was given in Fig. 14.7. There it was pointed out that certain information concerning the operation of the plant must flow to supervision
and management. On the basis of this information, management is
able to make decisions and provide proper guidance in the course of
plant operation. It is one of the functions or duties of the data loggers to provide this flow of information to the management and supervisory control loop. Therefore, returning to the introductory statement in this section, data reduction and handling equipment form a
very important stepping stone to complete automation.
14.6

CONTINUOUS COMPOSITION ANALYZERS

The emphasis thus far has been on the development of measurement
and control equipment, data reduction and processing equipment, and
computers. These great strides are of course very important to the
overall control problem. However, a field which heretofore has been
somewhat neglected is the development of continuous analyzers to
measure the definitive variables of the process. Instrument man-
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ufacturers are slowly but surely filling the need for certain of these
basic devices.
.
In the realm of continuous composition analyzers, several ingenious
devices have made their appearance. Most of these devices are inferential in' nature and depend for their operation on some predominate
physical property of the product under investigation. Liquids or gases
are the most easily handled by the present-day analytical instruments. The analysis of solids requires more elaborate sample preparation equipment. " The most important analyzers used in the petroleum industry are the so-called spectrophotometers. These include
the infrared spectrophotometer, the ultraviolet spectrophotometer, the
mass spectrometer, and the radio-frequency spectrometer. Table 14.3
. Table 14.3.

Typical Applications of Spectrometers to Process Control.

Spectrometer
Type
(1)
Infrared
(2)
(3)
(4)

Measurement
Ethylene in ethyl chloride
Isobutane in hydrocarbon mixture
COdCO ratio in flue gas
Ortho-ethyl toluene in. isomeric mixture

Ultraviolet Benzene in benzene raffinate
Mass

(1) Oxygen in ethylene
(2) Oxygen in argon
(3) Light hydrocarbons in drilling mud

Reference
26
26
Unpublished
28
Unpublished
Unpublished

shows a list of applications to which each of the spectrometers above
is -especially suited.
"
The continuous infrared analyzer is particularly adaptable to the
analysis of light hydrocarbon streams in which up to twelve separate
components may be present. The analyzer is capable of determining
the amount or percentage of one component only. In certain cases, the
ratio of one component to a second component may be determined.
Infrared spectrophotometers are based on the natural phenomenon of
infrared energy absorption by resonant atomic configurations. Thus
the infrared spectrophotometer provides a tool whereby chemical isomers may be distinguished. An isomer, as it will be recalled from
chemistry, is a compound which has the same lumped chemical formula as another compound but which has a different arrangement or
configuration of the atoms. A block diagram of a typical infrared
analyzer is shown in Fig. 14.12.
Ultraviolet analyzers form a second class of spectrophotometers.
The ultraviolet absorption phenomenon results when an orbital elec-
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tron is excited from one energy level to the next. Since this transition is electronic in nature, we find associated with this transition
process, frequencies which have wavelengths in the order of 200 to
400 millimicrons. All aromatic compounds such as benzene, toluene,
naphthalene, etc., comprise a ring structure containing electrons which
are easily excitable. For this, reason these compounds absorb energy
in the ultraviolet region. C~rtain sulfur and nitrogen compounds
display a similar activity inthe'-ultraviolet spectrum. Therefore, the
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Fig. 14.12 Schematic arrangement of a continuous infrared analyzer (Luft type)

ultraviolet analyzers will probably find greatest application in the
analysis of streams where an aromatic is 'the main component under
consideration.
The mass spectrometer, as shown in Fig. 14.13" is a third type of
continuous composition analyzer which functions in the following
manner. A sample is vaporized and passed over a .heated filament
which ionizes the molecules in the sample. The ions and other molecular fragments are then accelerated in a circular path by an accelerating potential. For a given potential and field strength, only ions
-of a certain mass will strike the target or collector electrode. The number of ions reaching the target results in a measurable current flow
which is directly proportional to the concentration of these ions. .If the
ionization patterns or spectra of -the various components are known, the
composition of the sample can be computed. Mass spectrometers are
capable of handling all types '<?f materials, providing these materials
can be vaporized at the conditions prevailing in the ionization section
,of the ion rtube. Since the mass spectrometer measures only mass, it
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cannot distinguish, by a single measurement, the difference between
molecular fragments of the same mass.
The fourth composition analyzer to be considered is the nuclearmagnetic-resonance spectroscope. The principle of operation is based
upon two physical characteristics possessed by most atomic nuclei.
Specifically, these two nuclear characteristics are the gyromagnetic
properties, called "spin" and "magnetic dipole moment." To date! this
instr~ment has served primarily as a laboratory tool, although there
is no fundamental reason why it cannot be adapted for plant use.
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Ionizing >:"-'.-f~--Ir--A-c-ce-Ie-ra-t'-m-g- " ' - - -.....
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electro~e

t

Center of magnetic
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to vacuum
system

Fig. 14.13 Schematic arrangement of ion tube in a mass spectrometer

The main application of the nuclear-magnetic-resonance spectroscope has been for th,e determination of specific atoms. However,
spectral' perturbations caused by groups of atoms allow certain molecular structures to be identified. Liquid samples are most easily
handled, although both gases a~d solids can be analyzed by nuclearmagnetic-resonance techniques.
, The last analyzer in this group is the'radio-frequency spectrometer
which may be considered a special type of infrared spectrophotometer
in that the absorption frequencies involved are a manifestation of
molecular vibrations. To date, the radio-frequency spectrometer has
not found' as wide an application as have the other three types.
A second group of instruments, whose principle of operation is based
-dpon ,a chemical character of the product,'" are the continuous titrimeters. The continuous' mercaptan analyzer as described by Pompeo
is an example of an instrument in thisolass. Generally these instru-
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ments are based upon an electrometric titration with continuous control of sample and reagent streams. The titration mixture is maintained at the equivalence point by a closed-loop control system which
regulates the rate of addition of the titrating agent. Another example
is the polarigraphic determination of dissolved oxygen in boiler feed
water. Still a third is the Thomas autometer which continuously
measures and records the amount of sulfur dioxide in the atmosphere.
This latter instrument has found wide usage in atmospheric pollution
studies.
14.6.1

Continuous Quality Analyzers

There have been developed many instruments capable of continuously measuring the physical properties of materials. As has been
pointed out previously, many of these properties form a part of the
product specification. Others of these properties sometimes can be directly cQrrelated with product specification. Potentially, then, these
instruments play an important part in the quality control loop.
Table 14.4 is a list of the various types of instruments commercially
available for the measurement of physical properties. Space is too
Table 14.4

Applications of Analyzers to the Continuous Measurement of
Product Quality

Measured Quantity
Viscosity
Specific gravity

pH
Redox potential
Ionic conductivity
Moisture
Refractive index
Liquid color
Vapor pressure
Chemical end-point (titrimeter)

Reference
27

25,30
25
25,29
31
32
35
33
34

limited, in this chapter, to consider each one of these devices separately. However, a few general observations are in order. Most
chemical and petroleum products must meet not only one but several
specifications. This, of course, means that more than one of these
instruments will be found in the quality control loop during the manufacture of a single product.
All these instruments have one thing in common, i.e., the sampling
system. Perhaps this has been one of the greatest sources of difficulty
with today's continuous analyzers. Sampling systems include all the

452

AUTOMATION IN BUSINESS AND INDUSTRY

.interconnecting piping and handling equipment necessary to condition
or prepare the sample for analysis. When it is realize~ that most
pr.oduct specifications are set dowp at fixed and definite environm~n"tal
. c'o~ditions, then the magnitude of the sampling problem becomes :ap. parent. For example, in the petroleum industry, specific-gravity mea~.~
.... urements are generally referred to 60 0 F. If a particular product
.. stream were at a temperature of 450 0 F, then adequate and regulated
cooling equipment would have to be provided to prepare the sample
for: measurement. Viscosities of lubricating oils are measured at
122 0 F and 210 0 F to determine the so-called viscosity index. In this
particular analysis problem, two well-regulated constant-temperature
baths are required to condition the sample.
'.~. Perhaps one of the greatest disadvantages introduced by the samp.~ing system is the transportation lag or dead time. The effect of
d~ad time upon control precision and stability has been considered
previously and will not be discussed here other than to say that its
~ffects are extremely deleterious.
•
Often corrosion of the sample piping is a problem. This is particularly true when dealing with aqueous solutions or even in the handling
of a simple material such as flue gas where moisture may condense
when the sample is cooled. In these instances glass sample piping
may be required. Due to its fragility, all glass sample connections
and tubing must be adequat~ly protected against accidental breakage.
Many of the product streams at the point of desired measurement
contain foreign materials such as solids or possibly entrained water
droplets. These foreign objects must, of course, be removed from the
product before it can be accurately analyzed. Filters are generally
provided for this purpose and these too have been a source of considerable maintenance since they require frequent cleaning.
Then, last, there is the perennial problem of obtaining a representative sample. This' problem exists wherever two or more components
are blended together to foryn the finished product. Sufficient time
must be allowed for the complete mixing of all the components before
the· sample is taken. On the other hand the time allowed cannot be
too great or the dead time introduced will seriously affect the control
systems. Thus, we sometimes find ourselves on the horns of a dilemma.
In order to overcome some of the difficulties found with sampling
systems, instruments are required that will measure the product property directly in the process at the conditions existing therein. The
analyzer then will be required to compute the necessary correction to
refer the measurement to the standard conditions at which the specifications were laid down. The Bendix Ultra Viscoson is an example I of
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a continuous viscometer which partially performs this function. There
are several conditions which m,ust be fulfilled before this type of ,
analyzer-computer may be utilized. First, there must be a known and
defipite relation between the prodl1.ct property measured under process
conditions and this same property:'r~ferred to the standard or reference
conditions. Second, this relation:s4:ould be fixed and should be relatively independent of product compdsition. For example, in the blending of fuel oils, the amount of anyone particular component in the
final blend will be determined primarily by its current availability.
Since viscosity of the final product is the predominant specification
that must be met and, further, since several possible formulations may
have the required viscosity, the actual composition of the final product
may differ from time to time. This would in all probability result in
a different viscosity-temperature relationship for each formulation. In
,this instance, since there is no definite temperature-viscosity relationship that can be predicted, a simple computer-type instrument would
be useless.
There is a distinct possibility, however, oLdeveloping a secondary
instrument which would continuously measure::~he viscosity-temperatute relationship. The informatIon thus secured would provide an
input signal for the main computer which refers the measurement
b'ack to the standard set of conditions. The secondary measuring
apparatus would of course be burdened with the attendant sampling
system and sample-conditioning apparatus. However, this would fr~e
the primary instrument from unnecessary time lags and allow much
better precision in the main quality control loop. Since composition
changes are generally gradual in nature, the system described above
could provide a satisfactory degree of control.
Before leaving the subject of continuous quality analyzers, a few
general remarks are in order. The field of continuous analytical measurement has scarcely been scratched. Many reliable instruments have
already been developed. However, in other instances accuracy and
reliability have yet to be provided. Maintenance of these analytical
instruments will probably require the establishment of a new group
or classification of service technicians.
14.7

REVIEW AND CONCLUSIONS

Automation has been largely responsible for the tremendous growth
of the petroleum and chemical industries. These industries which deal
with the processing of solids, liquids, and gases are confronted with
control problems which are peculiar to the equipment used in the
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processing. Variables which must be controlled are temperature, pressure, flow, liquid level, and product quality. Today the predominant
type of control system is the single variable. However, cascade and
coordinated control systems are being used more frequently. To analyze control problems, the servo techniques have found wide application. Improved pneumatic devices are available. Complete electronic
control systems have been tried. And now, the advent of data-handling
equipment promises the last step toward complete computer control.
Continuous analyzers which heretofore have been somewhat neglected
are now coming into more widespread use. Integrated control systems
are slowly but surely developing to a high degree. This foreshadows
the automatic chemical processing plant which is now a definite technological possibility.
14.8
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Analog COlDputers

in Industrial
~ontrol SysteUls
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Pittsburgh, Pennsylvania

15.1

INTRPDUCTION

During the last ten years, computers have developed at least ten
thousand. fold in speed and power. They have largely supplanted
human beings in the aiming and direction of large missiles and have',
made considerable strides in the processing of huge amounts of industrial, governmental, and scientific information. It is literally true that
more large-scale computers have been built in any recent two-year
,
period than in all the history of mankind up to that time.
It is to be expected, therefore, that in the next several years the
computer will become a very important factor in our civilization, taking over much of the information-processing activity currently handled
by human beings and eventually: revolutionizing the activities o~ the
workers of the industrialized part of the world. This conclusion is
based on the observation that a large part of the activity of all industrial workers is now concerned with processing information. Computers and the mechanization of logical processes and data processing
are nearly synonomous. They are overlapping phases of the same development, and we can recognize two paralleling developments which
are becoming more and more closely interrelated. These have to ·do
with the, handling of man's physical work and his mental or clerical
456
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work and, in each instance, the emergence of the full-fledged computer
or data-processing element is clearly evident.
(1) Physical work
(a) The tool, with man providing the power and intelligence.
(b) The power tool, with man' providing the intelligence.
(c) The automatically controlled power. tool, with primitive computing elements. Man provides pilot control,' coordinates machines'
activities, and provides all data processing.
(d) The automatic factory or system, or the complete process line
control, in which groups of machines are automatically controlled
and coordinated. The computer portion of the control is more mature and appears, as a separate' organ making intricate decisions at
high speed.
I

(2) Mental and clerical work
(a) The desk calculator, adding machine, cash register, and simple aids to calculation.
(b) The business machine-masses of similar documents are processed by wiring into the machine instructions for the calculations.
(c) The large-scale automatic computer-complete sequences of
mathematical calculations or elaborate business operations can be
programmed. Man has tremendously greater resources at his command. The programmer still has' a tremendous job of directing these
facilities to do the work.
(d) The self-programmed automatic computer-the computer itself will be able to interpret simple commands into the elaborate
programming required to make it flexibly approach all manner of
logical operations of mathematics, business, industry, and various
sciences.

Both analog and digital computers have a distinct place in industrial
and process control, with the data processing of businessoperation~
being limited to the digital machine. The elemental appearances of
analog computing functions in controls show up in the recognition of
their transfer functions and modification of these functions to process
the information so as to secure sup~rior performance. If a regulating
system is set up on an analog computer, we might say that it is only
the computing or data-processing elements that are set up. Certainly
the power-producing features are missing. We can then clearly see
what computation the system makes and can analyze what further
computations would be necessary for the control to perform automati-
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cally to produce output motions or results that are the desired functions of the information sensed.
The elemental forms of digital computers can be recognized in the
automatic relay systems for complete automatic starting and running of
machinery where the logical elements of "and," "or," "not," etc., are
combined by suitable relay contacts which respond in a digital or
"on-off" manner to set up discretely the operation performed, depending upon a number of "yes-no" answers. The director systems now
coming into the picture utilize passive digital elements to perform
these same functions with superior approaches to the design through
Boolean algebra. They represent a further extension of digital techniques and again recognize the information-processing character of the
majority of this control, except for the final power-handling contacts.
As the information-processing requirement becomes more sophisticated,
e.g., when complex analysis or optimizing operations are required as a
stage of the control, then the full-fledged digital computer comes into
the picture, as it already has in many military controls.
In this lecture, we shall confine ourselves chiefly to the analog computer techniques as applied to industrial and process control. We shall
discuss the use of analog computers in designing the systems, their
use directly in the systems, and the use of simulators in which the
computer· and the device are connected together; The theme will be
developed by considering a number of examples.
15.2

EXAMPLES OF USE OF ANALOG COMPUTERS IN DESIGNING
INDUSTRIAL CONTROL SYSTEMS

The differential equations describing the performance of the main
motors, generators, and loads involved in an industrial process can
frequently be written. These can then be represented on an analog
computer. The equations describing various alternative forms of controls to form a closed-loop regulating system for the major equipment
can likewise be written and represented on the computer. It is then
possible to optimize the performance of each alternative arrangement
and to determine its limitations and characteristics. The performance
required or considered to be most desirable for the particular process
is frequently known or obtainable by a careful study of the process
and tests made thereon and from past experience. Thus, although all
factors'i are not known, the use of the analog computer makes possible
the determination of the best possible utilization of the data that is
known and usually results in the development of a regulating or control system far 'superior to what could :be obtained otherwise.

ANALOG COMPUTERS IN INDUSTRIAL CONTROL SYSTEMS

459

15.2.1 Steel Mill Tandem Cold-Rolling Mill Controls ,
In this instance, 'steel strip is to be passed through the five stands
of a rolling mill and reduced in gage at each stand. The requirements
include running at a low threading speed, accelerating to running speed
without loosing or greatly changing the tension between stands during
the process, in spite of differing inertias of the rolls and motors, and
precise speed regulation at high strip speeds, sometimes exceeding a
mile a minute. Such a regulating system can be represented on an
analog computer 'by setting up analogs of the gains around the main
control loop and the several feedback loops, and of the various time
constants and compensation ratios involved.
The problem is characterized by the requirement of high performance over a wide range of system parameters. For example, the mechanical time constants of the rolls vary over a wide range as the
motor field currents are changed to secure higher running speeds. The
generator time constants and amplifications change, owing to saturation at higher voltages. This dictates a control system that is inherently very stable and will closely follow any changes in the reference
speed setting. The control must also correct for disturbances due to
mechanical irregularities in the sheet without overshooting, which
would cause a loop to form in the sheet and subsequent breakage
when it straightened out. Whereas a few of these conditions might
be analyzeq. longhand for a few control arrangements devised by an
ingenious designer, the assurance of an optimum control under the
wide variety of operating conditions for a mill requires the analog
c·omputer.
In setting this problem up for study, it is sufficient to analyze the
control for one typical stand. Synchronization is obtained by use of a
master speed reference which each individual stand control follows in
going through the cycle of threading speed up to running speed, back
to threading speed, etc. The precision and stability with which the
control causes the speed of a particular stand to follow the reference
pattern, including inertia compensation and speed droop, is sufficient
to judge the merit of the control in the complete system. Generally
speaking, quick response with a minimum overshoot will best accomplish these objectives, except that the acceleration and deceleration
characteristics must be matched.
The four steps in the solution to this problem by electrical analog
computer are illustrated by Fig. 15.1 (a), (b), (c), and (d). The problem here is the determination of speed versus time for impact loads and
for sudden changes of the speed setting. Solutions are required for a
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Fig. 15.1 Speed regulator analog: (a) regulating system, (b) simplified equivalent,
and (c) schematic analog
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large number of values of the parameters, and so the analog computer
method is to be used.
The system shown in Fig. 15.1a consists of a d-c motor with fixed
field supplied by a generator whose field is controlled by a rototrol
through an intermediate exciter. The rototrol responds to deviations
of the speed (tachometer voltage) from the reference voltage setting
or pattern. Speed droop with motor load is provided by feeding back
the commutating and compensating field drop into a separate rototrol
field. Stabilization is afforded by degenerative feedback from the
exciter and by damping transformers which feed back derivative functions of exciter and generator voltage. Base excitation is supplied
through still another rototrol field to reduce the "unregulated speed
error" and hence increase the accuracy of regulation for a given regulator gain.
A machine and regula tor theory requiring a specialist in this field
are necessary to reduce this system to its equivalent, Fig. 15.1b, and
its corresponding equations. It is an important matter, sometimes
overlooked, that between the actual physical problem and its mathematical expression, with such approximations as are permissible in the
particular art, lies the whole field of knowledge with which the operator of the general-purpose computer will not, in general, be familiar.
The mathematical expression of the problem is strictly a function of
a specialist in the field of the problem, working, of course, in conjunction with the computer staff to express the problem in proper form and
with sufficient information. Practically, there is considerable overlap
in th.ese two functions since analog computers have .usually been developed as special-purpose computers for particular problems, and the
computer engineer is, or soon qecomes, skilled in the art in question.
Figure l~.lc gives the schematic analog which obeys the same differential equations as the system in question. It is made up by reference to tables of basic analogs that correspond to specific functional
relationships. For example, the first block shows an operational amplifier which adds four inputs and produces a time delay. It thus has
the same transfer function as the rototrol in Fig. 15.1b. The direct
relation between the other analog elements in this diagram and the
corresponding constants of the physical system are shown in Table
15.1. Note, for example, how the RLC circuit at the right is adjusted
to agree with the motor-generator armature circuit time constants and
the mechanical time constant of the motor. The motor and load mechanical time constant may be thought of as the time constant of the
exponential approach of the motor speed to a new value if the generator voltage were suddenly raised and if this circuit had no induct-
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Table 15.1

Quantity in
Actual
System

To
Tl
T2
Ta
T4
T6
T p2
t2a2
Tpa
taaa
D/Dmg

A
N

Analogous Relations in Speed-Regulating System of Fig. 15.1

Description
Mechanical time constant, RI/bg *
Ro = R20 + R21
Rototrol time constant
Exciter time constant
Generator time constant
Armature circuit time constant
Lo = L20 + L2l
Commutating and compensating field time
constant
Exciter damping transformer primary time
constant
Exciter damping transformer mutual time constant times loop gain
Generator damping transformer primary time
constant
Generator damping transformer mutual time
constant times loop gain
Ratio of the speed droop, D, to the unregulated
speed droop Dmg
Speed loop gain
Negative feedback loop gain (stabilizing and
self-exciting fields)

Analog

RoCo
RlC l
R 2C2
RaCa
Lo/Ro
L21/R21
R 4C4
R 4C-tP2(R 1/2R 6)
R 6C6
R6C6Pl(Rl/2R7)
R21/Ro
P a(R 1/2R s) (R 9/R lO)
Rl/2Ru

* R = armature circuit resistance; I = moment of inertia; b = torque per
ampere; g = volts per radian per second.
anee. Note that this time constant varies inversely as the torque per
ampere and the motor back voltage per unit of speed and. thus varies
inversely as the square of the field current as well as depending on the
motor and load inertia. For this reason, this time constant varies
widely as the field current is changed to raise the motor speed. This
accounts for the wide variation in mechanical time constant that must
be accommodated by the control system with high performance.
To return to Fig. I5.Ie, this time constant is set up as RoOo where
Ro is R 20 + R 21 . This still provides flexibility for dividing R 20 and
R21 proportional to the generator and motor armature resistances respectively, and for setting L21 to provide the proper commutating and
compensating field time constant, T 5 , equal to L2t!R21 and for setting
L 20 to provide the armature circuit time constant, T 4 , equal to Lo/Ro,
where Lo equals L 20 + L 21 .
In practice,' the motor 'speed. might be, measured by a tachometer
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which would correspond to making the feedback connection across the
capacitor, Co, or the generator voltage might be held constant, which
would correspond to making this connection to the left of R 20 • The
latter would result in a speed droop due to load corresponding to the
full IR drop of motor and generator. Thus, by moving this point of
connection, any ratio of speed droop, D, to the unregulated speed droop,
D mg , can be represented.
The next step in going to Fig. 15.1d, is distinctly a computer job of
developing the schematic analog into a connection diagram, taking
proper account of the scale factors, computer time base, impedance
levels, and the like. Figure 15.1d is the actual analog setup for this
problem. It is a direct analog having a one-to-one correspondence
between the 14 parameters which completely describe the system and
the same 14 parameters in the analog.
Impact load is simulated by a negative step function of current into
the capacitor, giving an initial rate of decrease of its voltage which is
analogous to speed. Sudden· change of speed setting could be represented by inserting a step function voltage in the speed loop. However, it is just as accurately and more conveniently added to the speed
signal in the first amplifier. Typical solutions for these two conditions
are shown in Fig. 15.1e.
Hysteresis analog. As electrical machines usually have hysteresis
to some degree, the flux and hence the generated voltage is not a singlevalued function of field current but depends on past history of the iron
also. Since this functional relationship can be expressed oniy very
approximately, and since the effect is relatively small, a rather approximate analog is adequate to study the effects. The analog may
be that shown in Fig. 15.2a, or alternatively a bridge of diodes with a
single battery may be used. For rising field voltage, el, the voltage e2,
which corresponds to machine flux or armature voltage, is below the
voltage el by a fixed amount equal to the battery voltage. On falling
voltages, e2 is above the voltage el by the battery voltage. Thus,
whenever the time derivative of field current changes sign, a finite
change in field current is required before the proportional current-flux
relationship is resumed. This action is closely equivalent to the actual
hysteresis in the machines. If the ratio of width to height of the resulting parallelogram-shaped hysteresis loop is made the same as for
actual loops, a reasonably accurate solution for the effect in a regulating system can be obtained on the computer.
The solutions for three values of hysteresis are shown in Fig. 15.2b.
The upper three oscilligrams show the flux-current locus traced during
the oscillation following a sudden change of speed setting. The lower
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loops of these oscillograms correspond to the oscillation during return
of the speed setting to normal, the complete operation being repetitive
on the Anacom computer.

ie]
(a) Modification of the exciter analog in speed

regulator Fig. 15. 1, to represent hysteresis

Field current

"0
Q)
Q)

c.

(/)

. Time
No hysteresis

Low hysteresis

High hysteresis

(b) Hysteresis and speed records

taken on the Anacom

Fig. 15.2 Effect of exciter hysteresis on speed regulator transient performance

In the lower three oscillograms, which are the speed-time plots, the
effects of hysteresis can be noted. A moderate amount of hysteresis
in the exciter has very little effect, whereas a greater amount consider-
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ably increases the overshoot and recovery time. Note the presence of
two distinct limiting solutions depending on the initial condition of
the flux which can differ from zero by plus or minus the battery voltage,
even though el is initially zero.

Fig. 15.3 The Anacom, a large-scale general-purpose analog computer located
at the East Pittsburgh works of the Westinghouse Electric Corporation; it is
used principally for design and application problems of industrial products
(Courtesy Westinghouse Electric Corp.)

The Anacom, a large-scale general-purpose analog computer, on
which this work was done, is shown in Fig. 15.3.
In the course of this study, very extensive field tests were conducted
in which an opportunity was presented to compare the computer and
field results, to eliminate any discrepancies, and to establish the computing method on a sound basis. In other words, the analytical representation of the various machines and control circuits was verified.
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This paid handsome rewards in the next stage of development of this
system which was incorporation of magnetic amplifiers in place of the
rotating amplifiers shown in Fig. 15.1. The magamp tandem coldrolling mill control is shown in Fig. 15.4. The design of this system
was based completely on computer studies. The six-to-one improvement in response time and overall superior performance predicted by
the computer studies were realized, and the system was placed in
service with but a small fraction of the extensive field tests which had
been required in connection with the original designs not using com-

J
Fig. 15.4 Magamp tandem cold-rolling mill control

puters. This illustrates the paralleling developments· that must take
place in computation, namely, the development of methods of representation of systems as well as the computational methods of study.
Successful use of analog computers hinges on equal attention to these
two phases.
Two analog techniques are used on the Anacom. In one, the forcing
function is repeated by a synchronous switch at a repetition rate of
about ten times a second and the whole solution repeats as illustrated
in Fig. 15.1e. In this technique, inductors can be readily used because
of the reasonably high frequencies involved (100 to 1000 cycles for the
principal frequencies in the solution). The repetitive technique also
has an advantage, that the solution for any adjustment is displayed
continuously, and it is a simple matter to optimize, using two or more
parameters, by simply adjusting until the optimum solution is realized.
This solution can then be recotdedphotographically.
In the second technique referred to as the "single-shot technique,"
the problem is set up on a time base such that the solution requires
1 or 2 seconds or more. This has the advantage that pen and ink
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recorders can be used, giving multichannel records. At these longer
time bases, inductors can be used only with difficulty. A few highinductance (several henries) inductors are incorporated into the computer for such use. Problems requiring a large number of inductors,
such as shock problerris of mechanical systems, ordinarily use the repetitive technique at the faster time base. Regulating system studies
and controls more commonly use the single-shot technique, although
the repetitive technique is used for certain general studies as in
Fig. 15.le.
15.2.2

Magamp Generator Voltage Regulator System for Turbine
Generators, Waterwheel Generators, and Synchronous Condensers

Here a voltage-regulating system was to be devised suitable for application, with as few modifications as possible, to a complete line of
electrical power machinery. Chief considerations were to be reliability
and performance but a minimum number of sizes, simplicity of manu000
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Fig. 15.5b Input magnetic amplifier assembly consisting of two stages of amplification, reference, and transformer (Courtesy Westinghouse Electric Corp.)

Fig. 15.5c Power magnetic amplifier, three-phase reactor assembly. Two such
units are required to obtain polarity reversal (Courtesy Westinghouse Electric
Corp.)
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facture, ease of installation, minimum adjustments, and flexibility for
incorporation of limits and other accessories were also to be considered.
The analog computer function in this proj ect could be divided into
several phases as follows.
(1) Determination of the optimum performance obtainable if the
regulating system introduced no limitation and comparison of this

Fig. 15.6 A typical turbine-generator installation; the exciter is in the small
housing at the right (Courtesy Westinghouse Electric Corp.)

performance with the optimum performances obtainable with electronics, with magnetic amplifiers, and with rotary amplifiers. In this
stage 400-cycle magnetic amplifiers achieved such a close approach to
the optimum with a reliable, permanent, and static form of regulator
that magnetic amplifiers were selected for further study and development.
(2) Studies after the basic design work had been carried out on
various regulator components, to determine ratings and requirements,
and to establish a line of component parts out of which the complete
system could be built for all sizes and types of machines. This phase
also included design of accessory limits such as upper and lower excitation limits and field stability limits and their incorporation into
the system.
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The resulting regulating system is illustrated in Fig. 15.5a. The
input and power magnetic amplifiers are illustrated in Fig. 15.5b and
15.5e. Figure 15.5a shows that a composite signal taken from the
potential and current transformers on the generator passes through
computing circuits indicated as compensation and limit circuits. The
signal is then compared with the reference and amplified through two
stages of magnetic amplifier, through a rotating amplifier, the exciter,
to the field of the generator. A typical turbine generator installation
is illustrated in Fig. 15.6, the exciter housing being at the right end.

Es

Fig. 15.7 Phasor relationships of voltages which determine stable operation of a
generator connected to an infinite system through a reactance, Xe

The analog computation performed by this system may be indicated
as follows. By referring to Fig. 15.7, it may be shown that for the
generator, having an internal voltage Ea and a terminal voltage E t
to operate stably when connected to an infinite system, voltage E s ,
through a reactance X e, it is necessary that the angle () of the vector
diagram not exceed 90 degrees. In fact, to maintain a margin of
stability, the function E8 - I(Xe + Xa) cos cp must be maintained
above a predetermined minimum value.
As indicated in Fig. 15.8, the analog computing circuits of the system
compute this stability function. They also make certain compensating
calculations 011 the voltage, for example, averaging the three phases,
providing reactive droop compensation, line drop compensation, and
subtracting the result from the voltage reference. An auctioneeringtype circuit then performs the logical "or" operation in the selection
device, thus enabling the voltage regulator to regulate for voltage so
long as stability is not endangered but giving preference to the stability
requirement if the field current becomes so low as to require this.
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(3) The third phase is the design of a generator-simulator which
reproduces the transfer function of the generator and exciter on a
sufficient power level to provide inputs to the regulator and to accept
the outputs therefrom for testing the regulator system in development
and during installation. It will be described in Section 15.4.2.
Exciter
voltage
Magamps
and
exciter

Generator
and
power system

Compensated
voltage error

\

Appropriate error signal

Selection
device

~ (either voltage error or

Es- I(Xe+ Xd) cos ¢)

Fig. 15.8 Block diagram of generator voltage-regulating system

15.2.3

Tin Reflow Line

Re-examination of an industrial process of reflowing electrolytically
plated tin aided in establishing the correct transfer functions of parts
of the control for further designs and for improvements. As shown in
Fig. 15.9, the strip passes through three induction heating coils which
must be regulated to bring the electrolytically plated tin just up to the
flow point at the end of the third heater as recognized by a photosensing
device where the strip changes from rough to shiny. Built as a war
measure, when our tin supply was cut off and methods for making
available tin go farther were necessary, this control had never received
the full treatment of modern servo techniques and computer methods
in its initial installation. Comparison of computer results with actual
performance revealed that the transfer functions or information-processing characteristics of some of the elements were different from
what they had been believed to be. This led to tests on these components, resulting in corrected transfer functions. The correspondence
of computed and actual results then pointed the way to needed improvements in the system.
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This regulating system is illustrated in Fig. 15.9, in which three
high-frequency oscillators similar to broadcast station equipment provide' high-frequency heat to the tin strip which is passing through at
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Fig. 15.9 Tin reflow regulator

a very high speed. It would tin-plate a football field in about 10 minutes. The left-hand coil is regulated to control the position of the
flow line at the scanner, and the other two coils have similar regulating
equipment but are slaves to the first one. The regulating equipment
is interesting in several respects; it includes electronic, rotating, and
magnetic amplifiers, whereas the present trend would be toward magnetic amplifier throughout or possibly electronic or transistor input
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and magnetic amplifiers. A similar drive using a single 1800-kilowatt
magamp is shown in Fig. 15.10.
Both the magnetic-amplifier gain and time constant and the electronic-amplifier transfer function were changed after comparison of
field results with computer results indicated that modifications were
desirable. This resulted in improved methods of representation of these
devices and, with these advances in the technique, further improve-

Fig. 15.10 An 1800-kilowatt magnetic amplifier for a tin reflow line
Westinghouse Electric Corp.)

(Courtesy

ments were possible in this system as well as correct representation of
these devices in later systems. This re-emphasizes the necessity of
developing techniques of representation as well as computing methods,
in order to obtain the expected advantages of computing of any type.
15.3

COMPUTER FUNCTIONS IN INDUSTRIAL CONTROLS

When a control or regulating system is set up on an analog computer,
the information-processing aspects of it become very clear. Frequently, 'when a design has been completed, elements substantially
identical to those employed in the analog computer may be utilized
as part of the control. In other cases, the same transfer functions are
secured in equipment of time scale many times removed from that
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on which the computer is set up and perhaps in a different physical
system such as mechanical or hydraulic rather than electric as in the
computer. In the past, many a device having extensive computing
functions ha's been thought of as a device that performs a certain
function, rather than as a device with both information-processing
properties and useful power control or motions, However, it is helpful now to re-examine some of these devices with a view to separation
of these functions.
15.3.1

Protective Relaying for Electrical Power Systems

The initial protective relays recognized only overcurrent or perhaps
undervoltage in a circuit as a criterion to be examined to determine
the tripping action. The information-processing characteristic that
can be incorporated in a protective relay system has advanced greatly.
Today transmission line protective relaying of the directional-distance
variety, utilizing carrier current or microwave circuits, processes the
following information in evaluating whether or not the condition observed is a fault within the protected section or not, and hence determining the tripping operation.
The three-phase voltages and the three-phase currents at the relay
location are utilized to determine whether the phenomena is of fault
magnitude or of load magnitude, whether it is a phase-to-phase or
phase-to-ground phenomena, whether it is within 90 per cent of the
line length from the relay in question, or beyond this point. In the
latter case it might be either in the far end of the section or in the
next section of line. Finally, they determine whether it is in a
portion of the system which should have been cleared by another relay
but has lasted too long, indicating failure of another device.
The relay system also receives information from the other end of
the line over the carrier, pilot wire, or microwave channel which settles the question of whether it is in the far 10 per cent of the line or
not. Time is also taken into account, with proper recognition of the
fact that if the disturbance remains after the far breaker has had a
chance to open, it must be within the line section. All of this information is digested and processed within approximately one-sixtieth of
a second. The relaying system then makes a correct determination
of whether, and when, to open the circuit breaker which it controls.
The distance measurements are, in effect, impedance measurements
and require voltage-to-current ratios, utilizing balanced forces on a
beam or a rotating disc. Some of the logic involved requires "and,"
"or," and similar logical decision circuits so that actually protective
relaying is a mixture of analog and digital computing techniques.
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Such a carrier-pilot relay system is illustrated in Fig. 15.11. Note
that energization of the trip coil requires that contact D be closed, indicating that a fault is in the line direction; and that either Zl be
closed, indicating that it is within the first 90 per cent of the line;
Line trap

___ ~ __ J
Relays

I

L ___
Carrier
current
transmitter - ~.
receiver

~

D-the directional element contact.
Zv Z2' and Zg-first, second, and third zone impedance
or distance-measuring element contacts.
T 2 and T g-second and third zone timing relay contacts.
RR-carrier receiver relay contact.

__

LTU-line tuning unit.
PA-power amplifier.
MO-master oscillator.
REG-receiver.

Fig. 15.11 Carrier-pilot relay system for a high-voltage transmission line, including relays, carrier transmitter-receivers, coupling capacitors, and line traps;
dashed lines indicate symbolically the carrier controls

or that Z2 be closed combined with a time, T 2, sufficient for the far
breaker to have opened; or that Z2 be closed together with the receiver
relay, RR, of the carrier transmitter, indicating that the fault is somewhere on the line or possibly beyond the end of the line, but that the
information from the far end of the line resolves that it is within
the line section. Under this condition, immediate tripping can take
place for faults anywhere on the line.
Typical relaying circuits and devices performing complex calculating
functions are illustrated in Fig. 15.12a and 15.12b. Figure 15.12a
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shows a modified distance relay which physically consists of balanced
beam with coils on each end, associated with circuitry which includes
potentiometers, and current and voltage transformers. With this
combination of circuit and mechanical computing devices, fast closure
of the relay contacts can be secured whenever the vector voltage and
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Fig. 15.12 Analog calculations are performed by protective relays: (a) modified
distance relay, and (b) filter for pilot-wire relay
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current applied to the device are such that their complex ratio R + jX
falls within the circular boundary shown.
Figure 15.12b shows a relaying arrangement in which practically
all the computing is done in the circuitry, the output being used to
operate a simple overcurrent element which then responds to the
very complex function computed. This particular circuit is utilized in
a pilot wire relay. This circuit produces an output proportional to
the positive sequence current 11 , plus the weighted zero sequence current, KIo, where 11 is defined as

-l (I a + aI b + a2I c)
and
where
a = -0.5

+ j-866

It can be demonstrated mathematically that this discriminating quanKIo, has but small variation for all ten types of faults that
tity, II
occur on transmission lines, viz. a to b, b to c, ab to ground, etc. As
such, it affords an ideal discriminating quantity for comparing a single
quantity at ~he two ends of the transmission line over a pair of pilot
wires where this quantity is a good measure of th'e fault or load condition, regardless of its nature.
Thus, analog computing circuits have been in widespread use for
relaying, instrumentation, and metering circuits for many years. The
examples given above are typical of many hundreds of applications.

+

15.3.2

Typical Speed Control System
The tandem mill previously described is illustrative of a complex
speed control in which analog techniques are utilized to provide the
desired following of a speed pattern with matching of rolls, IR compensation, inertia compensation, and derivative feedback for stabilization. This is all accomplished by suitable measurements of d-c
voltages, the use of damping transformers (mutual transformers having suitable predetermined time constants) and through a correlation
of the time constants and amplifications of the control equipment with
those inherent in the main power devices. A log carriage drive will
also be illustrated to point up ana,log techniques for processing the
inf ormation.
As illustrated in Fig. 15.13, a log carriage is a vehicle peculiar to th<::
lumber industry and is used to transport logs back and forth past
the saw as the log is reduced to lumber. The electric motor driving the
carriage is stationary as towing cables are attached to each end of the
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carriage and pass over idler sheaves and are then wound on a cable
drum mounted on the motor drive shaft. To obtain maximum production, quick reversal is necessary. A d-c adjustable voltage drive is
ideally suited to such a task. It is equipped with a brain to obtain
the shortest reversal time by forcing the drive equipment to its maximum capacity without exceeding its electrical, thermal, or mechanical
limit. This brain is the magnetic amplifier that causes the drive to
respond to the sawyer's master-switch signals so long as the resulting

---/--~~~-----------:41

High torque gearless propulsion motor
with rope drum, blower, brake,and
cam limit switch

Motor - generator set

Magamp
control
cabinet

Fig. 15.13 Diagram showing principal parts of a gearless electric log carriage
drive

motor current is within safe limits. Signals calling for greater current are automatically modified by the magnetic amplifier to limit the
current to a safe-value.
The circuit for this drive incorporates both rototrols and magnetic
amplifiers. The current limit circuit compares the drop ,across an
armature circuit resistor with a fixed portion of the exciter voltage
and provides overriding excitation on the magnetic amplifiers to overcome any other signals and prevent further increase whenever the
armature current gets up to the present limit.
15.3.3

Economic Dispatch Computer for Power System Manual or
Automatic Control

A full-fledged analog computer is used in dispatching an electric
power system in such a way as to minimize the combined production
and transmission costs. As a matter of fact, the computer function is
so distinct in this instance that the resulting device can be used either
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for providing information to the operators for manual operation of
the system in the most economic manner, or as a sensing device for
an automatic control system which meets other requirements of controlling load or frequency but at the same time dispatches the longterm trend changes in generation in the most economic manner.
The general principle followed by this computer is that the total
cost of fuel input to the power system is a minimum when the incremental delivered power cost is the same from every variable station.
This requires adding the incremental production cost to the incremental
cost of transmission to obtain the incremental delivered power cost
for each station.
The computation is complicated by the fact that the cost of transmitting power from anyone station to the load depends on how much
power each other" station is also transmitting to the load at the same
time over the same interconnected system. It consequently requires
the solution of a system of simultaneous equations, twenty equations
if there are twenty stations and ties. in order to determine the economic
dispatch at any time.
The computer contains well-known analog elements, servomechanisms, potentiometers, amplifiers, and is characterized by a rather
complete display of the situation existing on the system ,at any time
and into which upper and lower limits for the various stations can be
set. Provisions are made for quickly changing the station cost curves
as new units come on the line or are cut off. The unit thermal-efficiency
curves remain constant over long periods but provision is made for
rapidly changing fuel cost or other factors that may change the station costs. Thus the operator utilizing the computer either directly
or through an automatic control works at a higher level in which he
feeds the basic information on system conditions and fuel costs into
the computer, but it takes over the detail job of determining the best
dispatch based on these factors.
As used in an automatic control, raising or lowering pulses initiated
by the load control equipment are routed by the computer so that
raising pulses go only to stations which have delivered cost somewhat
below the average and lowering pulses go only to stations which have
costs above the average. In this way, all delivered costs are kept substantially the same so that the economic dispatch results. This will
be illustrated by displaying the equations to be solved by the computer and describing its uses.
The m simultaneous equations to be solved by the dispatch computer
for an m station system are:
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Cj + 2X

m

2:

PnBjn

= X;

j = 1,2, ... , m

where Cj = f(P j) is the incremental production cost of station j; X is
the Lagrangian multiplier, here the delivered power cost to the average
load; P j is the power delivered by station j; and B jn are constant coefficients of the transmission loss formula.
The computer must further determine the delivered power cost, X,
at which
m

where P g is the total generation set into the computer. Adding this
relationship, there are m + 1 simultaneous equations to be solved. The
resulting set of P's are the powers that should be generated at each
station of the system.
The use of such a computer may be illustrated by four typical problems. The illustration, Fig. 15.14, shows diagrammatically the components of an economic dispatch computer.
First, the dispatch for a particular total generation is to be determined. Assume that station cost curves have been set by means of
the plug board (see Fig. 15.14) and that the transmission loss coefficients pertaining to the transmission system have also been set into
the computer. With the selector switch in the compute position, the
total generation dial is set at the desired generation value: the several
station power indicators then move under the control of the computer
circuits to positions that indicate the proper amount of power to be
dispatched from each station. The meter at the top indicates the
average delivered power cost and the second meter shows the incremental cost at any station or tie line for this condition, by depressing
the corresponding station cost button. As a variation of this problem,
if the cost at station 1 is increased 10 per cent above that for which
the station cost curves were calculated, the small dial under the station
dial would be moved up to 1.1 and the computer would immediately
show the correct dispatch for this condition.
Second, suppose the system consists ~f two generators and one tie
line, and 50 megawatts of scheduled power are coming in over the tie
line; the economic dispatch of the system generation under this condition is desired for a particular total generation plus tie power. The
third station representing the fixed tie would be thrown to the fixed
position (flip-flop switch), and set on 50 megawatts. The total generation dial is again set for the desired total and the two station dials
positioned to show the correct power dispatch.
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Third, assume that the incremental cost is desired for an additional
block of 50 megawatts brought in over the tie line. The incremental
value of this power to the system changes as the increment is increased
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Fig. 15.14 Display model of an economic dispatch computer for an electric power
system (Courtesy Westinghouse Electric Corp.)

from zero to 50 megawatts, and the cost desired is the average incremental cost. This can be obtained accurately by the computer, or approximated by adjusting the tie power setting to show half of the
power increase and reading directly the incremental value at this
point. This is the average incremental cost for the full block. It can
he determined either with the additional power used to substitute for
some of the running generation, or by taking on this additional block
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to feed the next block of load on the system. The computer gives the
answer to either question.
Fourth, suppose the computer is to be cut into automatic control
of the system. The telemetered indications of generation at each station are brought into the computer, and the control switch is thrown
into the "control" position, which makes certain changes in the computing circuits. The station indicators then show the actual generation
at each station instead of the economic dispatch; contact circuits are
set up to route the raising pulses of the load control system to stations
having low incremental power cost and the lowering pulses to stations
having high incremental delivered power cost. The pulses can be
originated· by any automatic load. control system. The computer
thus acts as the sensing element and does not interfere with the normal
functioning of the load control system in assigning frequency and swing
load contributions.
15.4

USE OF SIMULATION COMPUTERS

Automatic control equipment utilized with large expensive machinery or to control expensive processes poses a question of testing
and development as well as· security in placing the unit into service
at any given time. Great reliance is placed on the control to avoid
overloading or burning out of portions of the equipment or actual
destruction of the maj or equipment from subj ecting it to conditions
beyond its strength or endurance. The simulator, utilizing either
analog or digital computer techniques, has come into the picture to
solve many of these problems and appears to be a very important tool
in automation. Three examples will be cited to illustrate some of the
uses and advantages. Most of the simulators to date are of analog
variety. Simulators have been used very effectively in military de-·
velopment as well as industrial. Only industrial applications are
mentioned here.
15.4.1

Transient Performance of Potential Devices and High-Speed
Relays

High-speed protective relays connected to transmission lines and
receiving their potential supply through coupling capacitors are expected to discriminate faults from loads correctly under a variety of
conditions. The number of variables is tremendous. Faults can be
at different locations on the system. There are four different types
of phase-to-phase and phase-to-ground faults. There are various designs of coupling capacitors and potential devices used with them
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and various designs of relays to be considered. The loading on the
devices differs from station to station. Although the device itself is
substantially linear and might be calculated, the analysis of whether
or not its transient output acting as one of several variables on the
protective relays would result in their correct discrimination or not is
almost hopeless. To test the complete system by placing primary faults
on the power system can be done for a few check cases but is far too
costly for any complete analysis. Furthermore, probability enters
High-voltage
line connection
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Fig. 15.15 Coupling capacitor potential device

into the picture since the faults may occur at various points in the
voltage wave in time; therefore a complete analysis requires varying
this factor also.
The use of a large-scale computer as a simulator proved to be the
best answer to this problem. The simulator correctly represented the
power system, the coupling capacitor, and the tuned potential device
and was set up on a power base that could supply the actual output
potential to the relay together with the associated current to which
it would respond. Tests could then be made under sufficiently controlled conditions to provide statistical answers to the probability
phases of the problem and to determine the degree of performance
obtainable. This also made possible a comparison of different relay
characteristics under these transient conditions.
Figure 15.15 illustrates the circuit of a coupling capacitor potential
device. The coupling capacitor is simply a small very high-voltage
capacitor connected from a transmission line to ground. The lower
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section, about 4000 volts, is tapped, stepped down through a potential
transformer, and connected to a relay burden, B, through suitable
auxiliary circuits. A series reactor tunes the source capacitance to
give the device good regulation. Such devices are used to supply po-

Fig. 15.16 Type PCA potential device with coupling capacitor partially removed
and door open to show adjusting panel (Courtesy Westinghouse Electric Corp.)

tential to protective relays and to meters having burdens up to approximately 150 watts. They are considerably cheaper than a highvoltage potential transformer, which accounts for their use in spite
of the apparent greater degree of complication. Three such devices
would be required for a three-phase transmission line with the outputs
interconnected to measure line-to-line or line-to-ground voltages as
needed. Figure 15.16 illustrates such a device.
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The Thevenin equivalent circuit, Fig. 15.17, shows how the device
can be considered as having a voltage proportional to the high-voltage
line voltage and having an internal capacity, C, whose reactance is
tuned out by inductance L at the normal line frequency. Loss is represented by resistors. Figure 15.18 illustrates the simulation circuit

'----'

Fig. 15.17 Simplified circuit according to Thevenin's theorem; uR" is the equivalent burden
abc

R

40 0

15 amp
to 80 lag
0

Phase rotation a-b-c.
R-auxiliary burden.
C-power factor correction capacitor.
As shown for three-phase fault, as dotted for line-to-line fault.
Fig. 15.18 Simulation of potential device and transmission line for combined
fault tests with protective relay
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used to test protective relays on a low-voltage circuit and still include
the effect of the capacitor-potential device and the transmission line.
The two synchronous switches, switch 1 and switch 2, close simultaneously and can be adjusted to close at any point of the voltage wave.
These correspond to the initiation of a short circuit on the power
system. With the relay normally energized with three-phase, 50-cycle
potential through the circuit breaker and the potential device and

Fig. 15.19 Current (upper) and voltage (lower) traces from transient test using
simulator

with the relay current initially zero, the closure of switch 1 reduces
the input voltage to the simulated potential device to zero, r being
simply a protective resistor. Thus the relay voltage contains the
oscillations which would be encountered in such an operation under
actual conditions owing to the tuned nature of the potential device. At
the same time, switch 2 passes current through the relay current coil
having proper phase position and transient characteristics since the
line impedance angle has been represented by the R and X as shown.
In the general study which it was possible to make on this simulated
setup, the switching angle, the type of fault, the line impedance angle,
the relay burden, the power factor correction, and the type of relay
and rating of potential device could all be varied at will to obtain
general data required for application purposes. This would have
been entirely impractical on the actual system. Current and voltage
oscillograms for different conditions are illustrated in Fig. 15.19, the
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upper trace being current and the lower trace being voltage in each
case.
15.4.2

Generator-Simulator for Voltage Regulator Testing

To tie up a 100,000- or 200,000-kilowatt turbine generator for extensive testing of its voltage regulator system is economically most
undesirable. Waterwheel generators, on the other hand, are first assembled in the field, which means that the application must be worked
out quite completely before the regulating system is installed so that
it can be placed in service with practically no testing whatever. The

Exciter
output

Fig. 15.20

c

Simulated
generator
output

Generator simulator for voltage regulator and exciter tests

principal elements that must be represented by the simulator are
the generator together with current and potential transformers. The
generator is characterized by its time constant and amplification and
a saturation curve and by relations concerned with its reactances and
armature field coupling which determine the output voltage characteristic when the machine is suddenly loaded.
The differential equations can be written for all parts of this system,
and a simulator can be constructed to produce the same transfer functions and, at the same time, to provide sufficient output power to supply the regulator. This device is used for development of the regulating
system and for checking specific regulators having particular time
constants and gains characteristic of an application before connecting
the regulator system to the main machines.
The general principle of the simulator is illustrated in Fig. 15.20.
Although all of the relationships are established by making the mathematical transfer function of the simulator exactly equal to that of
the generator, the general functioning may be explained as follows.
In testing the voltage regulator, it is assumed that the exciter is
available. For example, the generator may be running on the spare
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exciter while the regulator exciter is being used for test or, in the case
of waterwheel generators which are first assembled in the field, the
exciter may be available in the shop for test with the voltage regulator. Thus, the simulator only need represent the generator from its
field input terminals to its output. The simulator output corresponds to
the output of the rectifier which averages the three-phase voltages.
The generator field time constant, unsaturated, is represented by
RIC. At voltages above saturation, the circuit R4 with diode and
battery cuts in, reducing this time constant and also the gain of the
machine in proportion to that encountered in the actual machine.
This obviously corresponds to representing the saturation curve by
two straight lines-which is sufficiently accurate for this application.
Application of load to the generator is simulated by closing R g • It
can be demonstrated mathematically that this results in the proper
reduction of transient time constant and proper abrupt voltage drop
(transient drop). Thus the simulation covers all basic elements of
the generator transfer function, the gain, the time constant, the effect
of saturation, and the reactance relationships that enter into sudden
loading.
With this simulator, it is possible to test the voltage regulator in
the factory without having the actual generator available or to test
a regulator during installation, making sure that it is in proper operation and correctly adjusted before connecting it to the main
machine.
15.4.3

Wind Tunnel Machine Simulator for Control Supervision

The main compressors for the Tullahoma wind tunnel involve
216,000 horsepower of motor capacity on a single shaft. There are
two 25,000-horsepower wound rotor induction motors and two 83,000horsepower synchronous machines. The machine is brought up to
speed by means of the wound rotor motors. An installation of this
size requires careful attention to many design features and limitations
in the control equipment and rheostats which might be taken care
of by overbuilding in a much smaller installation. Great dependence
is there"fore placed upon the control equipment in bringing the motor
up to speed without exceeding thermal or mechanical limitations of
any element of the system. The intelligence and all of the limitations are, in effect, programmed into the control system. However,
two problems arise. First, in making adjustments it is undesirable
to start and stop the huge machine many times; it is also a hazard
since unless the adjustments are right in the first place, damage may
be done to the equipment. Second, when the machine has been shut
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down and maintenance done on the equipment, some method of check
is necessary to assure the operator that everything is in working condition before he entrusts the main equipment to the control. The
simulator provides both of these functions and is a permanent part
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Speed of induction motor

Fig. 15.21 Speed of induction motor over current regulator characteristic
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of the installation, being utilized as needed to test the functioning of
the control before entrusting to it the main machinery.
The operation of this simulator may be understood by reference
to Figs. 15.21, 15.22, and 15.23. The permissible current as a function
of speed is shown in Fig. 15.21. However, a kilovolt-ampere rate limit
is also imposed by the power company so that as the motor comes up
to speed as shown in Fig. 15.22, the current is initially limited by the
kilovolt-ampere limit and then by the current limit; finally it drops
off as the motor comes up to full speed.
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The simulator in this case represents the rotating machine characteristic. All of the regulating equipment and the liquid rheostat for
the wound rotor motor are to be used, although the rheostat will not
be carrying full current. It will, however, assume the correct positionsas the simulated motor comes up to speed, and the speed regula-
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tor and kilovolt-ampere and current rate limits will be effective. This
simulator is illustrated in Fig. 15.23 in which a shaft shown at the
top is driven by a series field motor to a position that corresponds to
the motor speed at any time; thus speed readings are taken off by the
two potentiometer circuits to the speed regulator and the kilovoltampere rate limiter. A current is produced in the liquid rheostat
proportional to what it should be at that speed by a three-phase variac
connected to the speed shaft whose output is applied to the terminals
of the liquid rheostat. The resulting proportional currents through
suitable current transformers supply, to the regulator current circuits,
currents appropriate to that speed.
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The speed shaft is brought to the proper position at all times by
a circuit that satisfies the torque equation. The torque balance requires that the load torque plus the accelerating torque equal the
motor torque. The sum of these three quantities is supplied to the
input of the amplifier which runs the series field motor to a speed
and position at which the equality is satisfied. The tachometer produces a voltage proportional to the inertia torque since the shaft
position corresponds to motor speed and hence the shaft speed corresponds to motor acceleration. Note that this inertia can be adjusted
to correspond to connection of the supersonic or transonic compressors or various motor combinations. The motor torque is proportional to rotor current and appears as the drop across a resistor. The
load torque is a function of speed and connected load, and these adjustments are provided.
Thus in use, the simulator makes it possible to' completely test the
regulator and all of its limiting functions, together with the liquid
rheostat, for proper operation before it is connected to the main drive.
It can readily be visualized that as systems become more automatic
and more complex, such simulators of. the associated equipment,
needed to check out vital control parts, will become more and more
important.
15.5
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BASIC CONSIDERATIONS

16.1.1 The Economic Aims of Numerical Control
The obj ective of most engineering is the design of a device that will
conserve human effort or will make possible a new useful function.
These are also the objectives in the case of numerical control of machine tools. A properly designed numerical control system can often
save enough in machining lots as small as one unit to provide ample
justification for installation. Product designs are now generally restricted to those shapes that are easy to generate by motion along or
about one of the axes of a machine tool. If a coordinated motion with
respect to several axes at the same time could be accomplished, the
possible shapes that could be generated would be much less limited.
Further, by proper use of data on the known errors in the machine, at
least the repeatable portion of those errors can be eliminated so that
more precise machining becomes possible.
To accomplish the above, the machine controls should be designed
to eliminate mental as well as physical operations on the part of the
machinist. A surprisingly large part of the machinist's time involves
no metal cutting. Layout is very time consuming because it requires
a combination of calculation, measurement, and precise scribing.
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Again, often overlooked is the fact that the routine sequencing of
the controls governing coolant, drive motor, and change gears calls
for a significant amount of mental activity, and a careful operator may
spend more time on those functions than on cutting metal. The value
of eliminating operator decision is especially apparent in the case
of controls of a large machine such as a skin mill, which normally
requires more than one operator. The high cost of a possible error.
and the complexity of the operating function for such a machine make
it imperative for the operator to consider every step carefully if scrap
is to be minimized.
In considering the design of a machine we cannot overlook the cost
of preparing the data necessary for control. The number of controlled
operations and the manner in which they are controlled are principal
determinants of the operating cost of a system.
16.1.2

Interrelation of Control Functions

For most systems the control of each axis can be considered as a
separate numerical control, with requirements. and problems separate
from those applying to other axes, until the preparation of data is
undertaken. The latter operation, of course, calls for coordinating the
functions of all controls. In our present consideration of means of
assembling numerical controls, therefore, we shall regard the several
axes as independent until the study of programming is undertaken.
In some machines it is most practical to allow one axis of movement
to be driven independently by conventional means and to control the
other axes as a function of the independent axis. In the case of a
lathe, for example, the cross-head movement is made a function of
travel of the tool along the axis of the workpiece. This principle of
operation involves no important change in technique since we are
substituting axial movement for time as the variable against which
cross-feed is numerically programmed.
16.1.3

Position and Contour Control

If a machine is to be used only for drilling or boring, accurate control of position while in motion is not required. The accurate setting
of the axes of a machine to carry out an operation at fixed location
will be called position control. If routing or milling is to be done
on complex curves, it must be possible to move the machine in two or
more axes simultaneously, with the relative positions on the axes as
defined by the inputs to the system. Such control of movement will
be referred to as contour control to distinguish it from position control
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defined above. 'i In some machines, it will be desirable to provide a
combination of position control and contour control. As an example,
a horizontal milling may require position control parallel to the
rotation of the mill but contour control in two axes normal to the axis
of rotation. For maximum speed of operation and for simplicity of
command, in some applications it is desirable to provide both position
. and contour control on the same axes. The positioning instruction
"Move to position defined .by X = ... , Y = ... , Z = ... " does' not
require the definition of a path of movement and can be executed at
a speed limited only by the capabilities of the drive of the machine;
contour control, on the other hand, calls for both path definition and
some limitation of speed.
16.2
16.2.1

A SIMPLE POSITIONING CONTROL

Requirements

To acquire some familiarity with simple techniques of numerical
control in positioning, we shall consider the. problem of positioning a

rf'\

"-1-/

"\.,-J
X2
x~

Fig. 16.1 Coordinates for position control

drill press in two coordinates, X and Y, for drilling holes in plate
stock. See Fig. 16.1 for location of two holes Xl, YI and X2, Y2. We
wish the machine to move to a hole position to be specified on a tape,
and when both axes are positioned 'within the least count, to signal the
drill head to feed the drill into the work. The drill then retracts, a
new hole position is called for from the tape, and the cycle is repeated.
We shall assume that the movement in each coordinate is limited to
about 9 inches, and that positions 'are to be specified to the nearest
0;001 inch.

497

DIGITAL CONTROL OF MACHINE TOOLS

16.2.2

Solution

The rough layout of a design to meet the requirements is given in
Fig. 16.2. A punched paper tape will be supplied with one channel
specifying X position, another Y position, and the third one (at top)
Punched tape

Start of block

0

X channel

0

Y channel

0

Tape
drive

Signal
to
advance

, , , , , , , , ,, , , , , '.' , , ,
0 0 0

0

0.1 in.

1 in.

0

o

000

1\' - - _ . . - -___1 ""---v,-..J

1\

\

a

0
0

0

0

0.01 in.

O.OOlin.

Tape reader
Required
X position I---~_____---=+~'~er~r09.!:r~
o error
- error

commutator
Actual
y,...p_os_it_io_n_ _ _ _-J 16 lines

+ error

o error
- error

Fig. 16.2

Position-controlled drill press

used to indicate the start of a block of data. For an X position there
will be sixteen holes, four for each of, the four digits, the four on the
left indicating the number of inches, the next four the tenths of inches,
and so on. If in each group of four we code the hole positions as

o

0 0 0

124 7
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we could represent the location x

=

8.437 inches as

This code calls for punching no more than two holes per digit.
The foregoing indicates how the machine will receive data. The
holes can be read in several ways-by shining a light at the hole
position and detecting with a photocell whether or not the hole is there,
and by sampling each hole position with a pin that passes through to
actuate a switch when a hole exists.
We now need to consider the means of moving the drill to the
indicated coordinate. In Fig. 16.2 the table must be moved to meet
the specified Y position, and the drill head is moved across the beam
to arrive at the X position. We can drive each of these axes through
a lead screw, gears, and drive motor as shown. To learn the actual
position at every instant, we shall attach to each lead screw a commutator similar to one described in Chapter 9. The X output from
the commutator is a coded number of O.OOl-inch increments, as in the
coding for the tape. .The X output is fed to the "comparator" whose
function it is to compare the coordinate specified on the tape with
that obtained from the commutator and to indicate which is the greater.
This unit is a variety of circuit like those discussed by Mr. Ware in his
chapter on digital computers. Here, however, the only output required
is the polarity of the difference or the fact of coincidence in value.
When the number on the tape is greater than that from the commutator,
the X drive motor is caused to move the drill head to a higher number;
when the error is negative, the opposite movement is called out. When
the difference is zero the drive motor stops.
Thus the X position and similarly the Y position are brought into
correspondence with the coordinates called out on the tape. When
coincidence (zero error) is reached in both axes, the drill head is
signaled, it drills through the part, retracts, and signals the tape
reader to advance to the next drill position on the tape.
16.2.3

Example of Automatic Drilling Machine

The scheme of control described here resembles in certain ways
the positioning system of the Hillyer drilling machine made by Hillyer
Instrument Company, Inc., New York City. A photograph of the
machine is shown as Fig. 16.3.1
1

See R. H. Spiotta, Electromechanical Spot-Drilling Reduces Costs, Machinery,

229-231, April 1954.
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Fig. 16.3 The Hillyer numerically controlled drilling machine: (a) drill, (b) control (Courtesy Hillyer Instrument Co.)
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16.3
16.3.1

CONTOUR CONTROL

General Methods of Control .

The requirements for a system executing contour control are more
severe than those for position control systems in several ways. (1)
The contouring machine must be capable ·of moving continuously
along a specified path with the required precision, while the positioning
machine need be accurate only when stopped at an operation point.
z

Straight-line
approximation

r-----+-~-----r-,~------y

Fig. 16.4 Point-by-point specification of a path

(2) Side forces on the tool are generally more severe in contouring.
(3) The data fed into the machine for contouring must be carefully
planned so that the machine will not be called upon to make sharp
turns or sudden stops at points where accuracy is important. (4)
The shape and size of the cutting tool must be considered in programming a contour.
Contouring can, of course, be done in two or three dimensions. The
control for all axes of either system is basically the same. However,
the programming for three-dimensional cutting is much more complex
than for two dimensions, since a specified surface, rather than a specified line ina plane, must be approximated by the cutter. We shall
not concern ourselves at this point with the details of programming
or with the differences between two- and three-dimensional contour-
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ing. Instead, we shall look at the problem in general to see how contouring might be accomplished. Data for the machine can be presented in many ways.
(1) See Fig. 16.4. The coordinate of each point on the surface
along the cutter path might be specified. This requires a great many
numbers per unit length of path (Xl, Yl, Zl; X2, Y2, Z2; etc.).
z·

y

/
I

I /
1/
V

/
/x6

Fig. 16.5 Straight-line approximation to a path

(2) See Fig. 16.5. The cutter path might be approximated by a
series of straight-line segments. For these it would only be necessary to specify the increments X2 - Xl, Y2 - Yl, Z2 - Zl, and a time
to go from Pl to P2 • The information required here is much reduced.
(3) A higher-order approximation might be used, calling for fewer
points than in the single positioning system but for more complexity
in the control.

Fig. 16.6 Specifying a path by coordinates on a family of curves

(4) Some family of curves might be adopted and their parameters
specified. For example, in a plane, a conic section might be used
as an approximate to the desired curve and its five parameters giv~n.
As a further example, a curve of "a certain order, say fourth, might
be specified by five evenly spaced ordinates. See Fig. 16.6.

502

AUTOMATION IN BUSINESS AND INDUSTRY

16.3.2

Mechanizations
If the first method is used, the control of the system can be very
much like the position control of Section 16.2. Numbers representing
coordinates can be read from a tape in rapid order, compared with
existing coordinate data, and used to speed or slow the actuators to
reduce the error to zero.

Divider

(X2;/1)

flT

Fig. 16.7 Analog generation of straight-line approximation to a path

If the second method is used, we must ask more of the data-interpreting device since coordinates are not directly read from the tape
or card input. Here, the length X2 - Xl and the time from P l to P 2
define a rate of movement required in the X axis. The values Y2 - Yl
and Z2 - Zl similarly specify the velocities in the other directions. We

Pulse
generator

Pulse
train

x

Error
accumulator

X2 - Xl
--s;r= frequency

Machine
position

Digitalto-analog
converter

Measuring device
Motor
Table of
machine

Lead screw

(000000 \....._- -----

Fig. 16.8 Digital generation of straight-line approximation to a path

might consider controlling the speed as shown in Fig. 16.7. Here we
use a divider to obtain (X2 - Xl) / ilT and cause it to control a motor
on the machine lead screw. A· tachometer on the lead screw shaft
measures the rate in X and, by feeding back for comparison with
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(X2 - XI)/AT, causes the speed to assume the required value. The
fault w~th this scheme is that it requires fairly accurate analog control or closely spaced points PI, P 2 , etc., to keep the errors between
PI and P 2 from becoming excessive.
Our instinct tells us to consider some m~ans of avoiding the analog
speed control and to use instead a precise digital method of control
along the segment. To do this we cause a pulse train to be emitted at
the frequency (X2 - Xl) / AT. See Fig. 16.8 in which each pulse corAnalog signal
Parameters
~
(digital)

-~
Lead screw

Fig. 16.9 Analog generation of path from parameters

responds to an increment of required movement, say 0.001 inch. At
the same time we receive from a measuring device on the machine
a pulse for each increment of movement (0.001 inch). Plus and minus
movements are properly identified and handled. The pulse train from
the pulse generator is fed into a counter in the positive sense, and
that from the measuring device isJed into the counter in the negative
sense, with the result that the counter accumulates the net algebraic
difference between movements specified by the pulse train and executed
Pulse trains
Parameters )

Digital
computers

giving increments
of x,y,z

I

I
I
I
I
I

X control

I

Y control

I
I

Z control

Fig. 16.10 Digital generation of path from parameters

on the machine. The error is fed into a digital-to-analog converter
and caused to speed or slow a motor driving a lead screw on the ma-:chine to bring the error to zero.
It is easy to appreciate that, barring failure of the equipment, the
accuracy of reproducing the specified segment will depend upon (1)
accuracy of ratioing X2 -Xl, Y2 - YI, and Z2 - Zl; (2) accuracy of
measuring devices; and (3) quality of the servomechanism in maintaining small error.
I
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For the third and fourth methods: we obviously require some form
of computer to generate the path from the data given., Some possible
arrangements are shown in Fig. 16.9 that;cause the machine position
to be generated in analog form ~rom the:'given parameters. In Fig.
16.10, however, the accuracy of digital language is retained throughout
and a digital computer to generate a proper pulse train and a suitable
servomechanism controlled by a pulse train, as in Fig. 16.8, are required.
'
16.3.3

The Problem of Measurement

Regardless of the means of control, numbers must be
converted to length or angle in a numerically controlled machine.
There are several forms of these measurement devices, as represented
in Figs. 16.7 and 16.8, and we shall here discuss a few of the more
useful ones.
Linear measuring devices. Because of the low cost and precision of
commercially available lead screws, they form the basic elements of
most precise machines for the generation of measurement of lineal
movement. By proper connection of some form of digitizer to the
shaft of' the screw, very satisfactory devices can be constructed either
in a form suitable for moving: a machine tool directly through a digital
actuator, or in a form to give 'a digital indication of a IPovement that
is actuated by other means. ,-Although there are screw~, av~ilable approaching an accuracy of 0.0001 inch over a length of'about a yard,
the use of a conventional mechanical nut on the screw will degrade
its performance materially. One jig borer of foreign manufacture
makes use of optical reading of a very fine helical line on a cylindrical
surface to avoid such loss of accuracy. Even with the elimination of
nut errors, however, the screw bearings will contribute some error as
wear occurs or as the thickness of lubricating film varies .
.' Even though a screw is entirely satisfactory for many control and
measurement problems, other devices have generally been used when
repeatable accuracy of location to 0.0001 inch is required. A bar of
metal or glass, having graduations in some form suited to the reading
means,is used in most cases. No movement is required except along
the length to be measured. Such bars serve as government standards
the world over and are commonly used in jig borers.
':rhe problem in the use of the graduated rod as a basis of length
measurement is that of obtaining a convenient indication of a movement of, the least increment, of length. There are two methods of
reading the rod currently in use or proposed for use.· One makes use
General.
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of a grating having alternating transparent and opaque lines of the
same period as the rulings on the graduated rod, both rod and grating
being of glass. Movement of the rod relative to the grating with the
grating lines parallel to those of the rod gives a variation in light
transmitted through the two' elements on to a photocell. The variations can then be counted in an electronic counter. Provision can be
made to obtain direction of motion if two or more grating-photocell

lO-kilocycie
oscillator

Amplifiers

Direction
circuit

-Fig. 16.11 Basic principles of gage based on optical grating

combinations are used simultaneously. See Fig. 16.11. This scheme
has been proposed for use on machine tool controls with a least count
of 0.0001 inch.
Another form of graduated rod consists of a flat silver coil etched
on the face of the glass rod. The wavelength of the coil, of the orde}.'
of 0.1 inch, is the basic graduation of the scale. Readings on the rod
are taken by two shorter coils of similar construction phased from
each other by one-quarter wavelength. The rod is excited in the
kilocycle range, and the movement of the rod can be obtained from
the two small stationary coils. By use of a resolver or voltage dividers, interpolation can be made within one wavelength to obtain' an
accuracy on the order of 0.0001 inch. (A device of this type is made
by the Farrand Optical Company, New York.)
The importance of choice of material for the body of the rod is
obvious~ The principal considerations are long-term stability and
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temperature coefficient, although for some applications resistance to
rough handling must nut be overlooked. The . long-term stability of
many alloys of aluminum 'would exclude them from consideration, for
example. Temperature coefficients of several materials are listed
below for the temperature range around 20° C:
Plate glass
8.9 X 10-6/° C
Fused quartz 0.42

Invar
0.9 X 10-6 /° C
10
Steel
Aluminum 25

Fused quartz would make an excellent material for a measuring rod
if it were available at reasonable cost.
Since the international standard unit of length is in terms of the
wavelength of the red light emitted by cadmium under standard conditions, some mention of the merits of an interferometer as a basic
measuring means is in order. Superficially, it would seem that such
a type of gage would be devoid of the troubles of temperature compensation and machining errors and would provide a laboratory standard for the shop where it would do the most good. However, there are
fundamental problems in the use of the interferometer. For one thing,
the lack of long-term coherence in the light emitted by available sources
limits the measurable length, although not enough to eliminate the
method for distances required in most jig borer work. A second problem arises from the fact that the wavelength of light in air near
standard pressure and temperature varies with a temperature coefficient several times that of fused quartz, for example. Although the
method is usable, it is not without difficulty in practical application.
Angular measuring devices. The techniques of measurement of
linear displacement have been used with success in angular measurement. First we might get some idea of the accuracy of angular measAngle = 0.00001 radian
= 2 sec of arc

0.0001 in.

f

~-------- -=
10 in.

Fig. 16.12 Significance of small angles

urement required for precision work. See Fig. 16.12. At a radius
of 10 inches, an arc of 0.0001 inch subtends an angle or' about 2 seconds
of arc or 10 microradians. It is difficult to measure to this accuracy,
although some of the devices based on principles described in the
paragraph above are claimed to have repeatability to 1 second of arc.
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16.3.4

Actuators

In Chapter 4 the ideas of feedback control were introduced. It is
clear from Fig. 16.8 that feedback is a centrally important tool in
the control of machines. We are interested in the quality of such
control because the cutting time on a great many parts is determined

y

(a)

, - - - - - - - i Required

I

velocity

I

Y

___-t-----;--'_ _ _---4-_Total
1
error
I
I

:...--_I~_--l.......""><::::::""_:~_~~_

(b)

.---:::7'"'~ ___ .___-r
I

___ -___.
__

~
~
.--1____ .<..~~
I
1,I

><-

I

I
I
I
1

1

Step~
(c)

I

r=----:

1 ...... _ -

-l1

i

---I:

Position error for velocity step

I

I

i 'Z,,-»i

Time~

Fig. 16.13 Analysis of servomechanism errors in following a parabola

ultimately by the speed of response of the servomechanisms. This
can be appreciated by examination of the requirements in following
a signal of the type described in the second paragraph in Section 16.3.2,
generated for a parabolic curve. It can be seen in Fig. 16.13a, that such
a curve calls for steadily increasing velocity in y if we assume the
speed along the path is constant. The required Y velocity actually
increases in steps as shown in Fig. 16.13b. If now the position' error
in the servomechanism resulting from a step in Y velocity is as shown
in Fig. 16.13c, it can be seen that the long "tail" on the transient error
persists far beyond the interval of each step in Fig. 16.13b. Therefore,
the several transients resulting from the succession of steps in Fig.
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16.13b will accumulate for several intervals, giving the total error
as shown.
Both the magnitude and duration of the transient error resulting
from a step of velocity are important in determining the accuracy of
following. As is logical to expect, the extent to which we can reduce
the transient error depends upon the speed of response of the actuator
that drives the machine itself: if it is fast, the transient error can be
made small.
Some idea of the possibilities here can be obtained from the fact
that an hydraulic control of speed of movement of a machine table
. weighing about 2 tons can be made to respond (open loop) to sinusoidal
fluctuation at approximately uniform amplitude with variation in
frequency up to 10 cycles per second. Electric drives, operating
through lead screws, have been used successfully, although they tend
to .be slower.
It might be noted here that much of the servomechanism error could
be compensated out by proper programming, provided the cutting
were always done at the speed chosen for programming.
16.3.5

The MIT Numerically Controlled Milling Machine

The first outstanding example of a numerically controlled machine
tool is the mill at the Servomechanism ;Laboratory of MIT. This
machine makes use of the principle of control described in the second
paragraph of Section 16.3.2, to provide contour control in three axes.
The basic machine is a 28x60-inch vertical Cincinnati Hydrotel.
Data describing the components of a segment of path, AX = X2 - Xl,
AY = Y2 - Y1, AZ = Z2 - Zl, and the segment time, AT (refer to the
second paragraph of Section 16.3.2), are punched on Flexowriter tape,
using a redundant error-correcting code to reduce possibility of error.
The data in binary form are fed into relay storage a block at a time,
a "block" being the data describing a segment. Since the machine
must proceed without pause from- one segment to the next, it is necessary to store two blocks of data, that being used by the machine
and that for the next segment.
The data stored in the relays is in binary form. For example, a
~ray locked in equals one; a deenergized relay equals zero and this
di1ta is easily used to control the pulse trains needed to define the
motions of X, Y, and Z servomechanisms. The method is shown in
Fig.- '16.14. A clock oscillator drives a string of flip-flops in series.
The noncarry pulses (those not used to drive the next flip-flop) are
fed to a row of gates. At each gate is a pulse train with one-half
the frequency of that on the gate to its left .. It turns out that no two
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pulses at these gates are coincident in time. By starting with all flip:'
flops synchronized, if the clock feeds in 32 pulses, the last flip-flop
will deliver out 2° = 1, the next 21 = 2, the next 22 = 4, and so on to
the first, 24 = 16. If we wish to deliver a pulse train of 10 pulses,
therefore, or in binary notation 01010 pulses, we open the second and
fourth gates. For the binary number of steps required in x, each
gate is opened when its corresponding digit is one, and closed when
it is zero.
End of cyCle

Output to.

X servomechanism

Fig. 16.14 Generation of pulse trains in numerically controlled milling machine
at the Servomechanisms Laboratory, MIT

To terminate the segment, the carry pulse from the last flip-flop
stops the feed from the clock and throws control to the next block
of data. The same technique is used simultaneously to control the
other two axes, employing a common set of flip-flops and clock. Only
the gates are duplicated for the several axes.
To permit use of conventional power drive servomechanisms, the
pulse trains derived as above are used to drive decoding servomechanisms by the general technique of the second paragraph in Section
16.3.2,' and the power servomechanisms on the machine tool are then
linked to the decoding servomechanisms by means of a selsyn circuit.
See Fig. 16.15. Each decoding servomechanism uses a small motor
driven by vacuum tubes and coupled to a three-brush commutator to
give the direction and amount of motion. One degree of selsyn rota-'
tion is geared to give 0.0005 inch of machine travel; 0.0005 inch is one
unit of movement in each axis.
.
The power drives are conventional hydraulic. pump and motor servomechanisms, coupled to the machine through. gears and lead screws.
The selsyns are driven through rack .and gears. Their drives have
been a principal source of error in the system.
Although this machine is not designed for. production use,: it has
provided a clear demonstration of the capabilities of numerical con-
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trol and has served to remove many doubts about the practicability
of such control.

Increments

Selsyn lines to
cross-feed drive

Relay
storage

Fig. 16.15 Basic arrangement of numerically controlled milling machine, Servomechanisms Laboratory, MIT

16.4

PROGRAMMING

The problem of programming the tape for a machine tool includes
(1) study to determine tools and fixtures required for each cut to be
made, and selection of the proper order of operations; (2) calculation
of the exact cutter path for each cut; and (3) coding of cutter path
into the system for which the control is designed.
It is clear at once that the difficulties of programming and machining
are much affected by the design of the part. There are many opera-
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tions, without doubt, that are better carried out on a conventional
machine at present. As numerically controlled machines with several
degrees of freedom (as many as five per cutter) are introduced, however, it should become possible to do more and more machining with
fewer setups. Any great advance toward this end will, of course, depend upon the extent to which designers work to exploit the full
capabilities of numerical control. .
In this discussion we are concerned with the problems peculiar to
numerical control; we shall have to pass over tooling problems and
deal only with calculation and coding of the cutter path.
16.4.1

Calculation of Cutter Path

The computations to determine cutter path will vary greatly, depending on the form of data provided. In some cases, the surface

Fig. 16.16 Derivation of the cutter center path

to be cut may be defined by an equation, generated from given parameters. In others, it may be necessary to fair a curve through a
number of points to arrive at the surface to be cut. The possibilities
are infinite, but we can assume that by one means or another the
desired surface is reduced to mathematical form. Then the cutter
path must be derived for the defined surface. Where the surface to
be cut is a right cylinder whose elements are parallel to the axis of
the cutter, the determination of cutter path is simple, though not
trivial. See Fig. 16.16. Assuming the use of a straight mill, the center
line of the cutter path is then the line whose points lie at a distance r
from the surface, along a normal to the surface. This simple relation
applies to many parts cut from flat stock.
Most surfaces are not so simple' and call for a large number of
passes of the cutter to provide a reasonable approximation to the
surface. As an example, if we are cutting a surface that is approximately plane near some point, using a ball-end mill (with spherical
end), the successive passes will leave ridges whose heights depend on
the radius of the mill, r, and the spacing of cuts, d. See Fig. 16.17.
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The height, h, of each ridge is approximately d2/8r, or if a height h
is permitted, the spacing must be
[,

dl=

:2v'2rh

For the case where' h = 0.0005 inch and r = 0.5 inch, d = 0.0447
inch. Thus, to cut a 'swath 1 inch wide would take 23 passes, and

Fig. 16.17 Granularity of surface produced by ball-end

mill

to finish a 10x10-inch surface at 15 inches per minute would require
about 2.5 hours. Obviously, the cutter should be changed to the
largest radius that can be used to reduce this time.
, The problem of determining the cutter path from the surface required for the general compound curve involves more complex geometry, but it is basically similar to that of· Fig. 16.16 for a ball-end
mill.
1 ~~4.2

Coding for the Machine

Up to this point, we have not been concerned about the language of
the machine, since the cutter path depends only on the construction
of the machine and the tools used. Here, however, we must adapt to
the requirements of the machine. Let us consider for comparison,
three machine languages, calling for, respectively, (1) position; (2)
~lope (rates in thr:ee coordinates) ; and (3) rates of change of slope.
Obviously the first requires the greatest number of points to be
computed, since we are to give position each time one of the coordinates
covers a distance equaI' to the least increment. For example, if the
increment of measurement is 0.0005 inch, and the range of movement
in each axis were 20 inches, three coordinates would have to be specified
by 16 bits each, every 0.0005 inch of path. One inch of path would
require about 96,000ibits of data~ ,To place this on six-channel magnetic tape would require about 80 to 160 inches of tape. The number
of computations would be large, and therefore tape preparation would
require a great deal of labor and expense.
For the "slope" method, as used in the MIT machine, and as described in the second paragraph of Section 16.3.2, the computations are
reduced since the number of points to be calculated on the cutter path
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are small. For example, to approximate a path having a radius of
curvature, R, to an error,not over il requires a length of segment 4y Ril.
For a radius of curvature of as little as 0.5 inch and il = 0.0005 inch,
the length of segment is 0.02 inch. Even for R = 0.5, calculations of
the, cutter path coordinate must be made only about one-fortieth as
often as for the method of the foregoing paragraph. Of course the
"slope" method calls for a more complex computation at each point,
reducing the advantage somewhat, but the: method is well justified
where fine control is needed.
If the "slope" method is good, it is logical to ask why not go to a
language involving even higher derivatives, say the second? The deterrents to use of the schemes involving rates of change of slope are in
the greater complexity of the controls in the machine to use the data,
the more involved computation to arrive at the proper arc length, and
the frequency of occurrence of discontinuities requiring termination of
an arc. Although some applications may' justify the use of a more
complicated approximation, the first order is ,a satisfactory and economical system for a great many applications.
16.4.3

Economic and Other Benefits of, Computer Progr,amming

We have here contemplated the execution of thousands of computatiop.s for the programming of a simple part.' If each computation is
to be done manually, there is no question that the preparation of tape
will become such' a factor that numerimll control will be usable only
for moderately large runs, or for work that can be handled in no other
way. However, a modern electronic computer can reduce the cost of
computation of around 100 segments to a few dollars. Even with the
time necessary for programming the computer, the cost per part can
be low enough to justify economically numerical control on lots of one
part each.
In addition to the direct savings in the fabrication cost by computerprogrammed numerical control, there are large savings in the cost and
elapsed time in going from the desigper's sketch of a part to its final
form in steel or aluminum. The simplicity of the method is illustrated
in the manufacture, of a flat metal patt shown in Fig. 16.18. The
engineer merely prepares an order list as shown. This list is converted
to cards or tape, as required for input to:the computer. Programs
already at hand, corresponding to the several order numbers, cause
the computer to prepare a machine i?struction tape based on the
-parameters supplied. The tape is t.aken tOI the numerically controlled
machine and the part is made, with cuts normally requiring extensive
layout work.

...,;1
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By these techniques the time from engineers' conception to finished
part could be reduced to a few hours, rather than several days, and
the preparation of extensive drawings might not even be necessary.

Engineering Order List
Order No.
Coordinates

Meaning

3

r2 , xl' YI

1

x~~;~,~;~,~;

2

x7'

5
4

x s , Ys' Ta
x 9 ' Y9' A, B, C, D, E

x5' Y5; x6' Y6
Y7

Drill hole, radius T2 , at coordinates xIYI'
Starting at x2' Y2' mill a faired path through
points given, ending at x 6, Y6'
Cut a sharp corner at x6' Y6 and mill on a
straight line to x 7' Y7'
Mill a circle of radius ra to x s , Ys'
Mill a conic section with parameters A, B,
C, D, E to x 9 ' Y9'
Cut a sharp corner at x 9 , Y9 and mill on a
straight line to x 2 , Y2'

Fig. 16.18 Typical order list for a two-dimensional numerically controlled milling machine
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17.1

INTRODUCTION

There is asignificant saying that security-job, company, and national-is built on better methods; that nothing can so completely or
surely destroy an established business or its profits as new and better
methods or equipment in the hands of an enlightened competitor.
Searching to the heart of it all, this is the primary reason why all
industry today is vitally interested in automation. What is it? What
does it offer in the way of security? Is it really something new and
radical?
There has been a great deal of written and published material concerning automation in recent years. Little of this highly colored information actually paints a true picture. Most of the authoritative
conclusions presented resemble to a striking degree the age-old fable
of the blind men and the elephant. Each blind man describes vividly
what he imagines it to be. The result has been interesting for the
layman but of dubious value to industry.
Automation is the modern term which denotes manufacture, processing, or performing services as automatically as economics permits
or demands. Although new in name, manufacturing automation basically comprises the application of principles which have developed
515
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steadily over a great many years. Wherever conventional manual
, methods of manufacture, processing, and distribution could not be
carried out within acceptable quantity, quality, effort, and cost levels,
mechanization developed; today we have the next step, automation.
The continuing effort to supply the needs of the American people
with products, commodities, and services at acceptable and competitive
prices has made automation a necessity. In a dynamically expanding
market, no other development holds so much opportunity for a gradually rising standard of living. It is not just a matter of using or not
using automation but rather one of economic necessity to make possible the broadest availability of utilitarian and lUXUry itemS. " This fact
is well illustrated by a simple example: One company alohe assembles
500,000 automotive devices each day with an average of 72 individual
parts in each unit. To do this without benefit of automation would
present an insurmountable task from both a cost and production standpoint.
In another plant where some 230 employees are able to produce
1,200,000,000 lamp bulbs per year on continuous automatic equipment,
1927 methods and equipment would require 75,000 men to equal this
output. At today's wage levels, few people would be in a position to
buy under these conditions, even if men were available!
At this stage of development, it is relatively impossible to present
a concise basic approach to automation engineering. However, to show
what is being done and, perhaps, to sow a few seeds for development,
we can cover some fundamental points while pictorially making an
extended plant tour of many manufacturing industries.
Whenever demand is high and the product relatively or partly standardized, there is an opportunity for automation, rega~dless of the type
of manufacture. Let us .take a look at a modern production line that
operates on a highly automatic basis.
Figure 17.1 shows a complete one-man automatic line for producing,
from steel strip,'six standard components used in carloading. A coiled'
steel strip 6 inches wide by Ys inch thick passes automatically through
a 100-ton blanking and ,forming press; the stamped pieces go on to
a de-oiler, drying conveyor, accumulator, and Wheelabrator blaster
to a shipping box. The blaster operates with batches of 500 and 1000
pieces, depending on the part; the parts produced are counted by the
press controls and accumulator pan timer. The blaster is push-buttoncontrolled by"the operator; on completion, the charge drops into a box.
One boxload of 500 or 1000 identical parts comes off the line every
'6 minutes. Change-over between different parts is simple.

MANUFACTURING AUTOMATION

517

Fig. 17.1 Complete .one':'man liJ1e for producing six standard components at Signode Steel Strapping C~mpan~i (Courtesy American Wheelabrator Co.)

17.2

AUTOMATION AS A BASIC PHILOSOPHY

Basically, automation· can be termed a philosophy or method of
manufacturing. It may require transfer machines or automatic materials handling. Also, it may demand complex electrical control, use of
instrumentation, and application of feedback techniques. Accomplishment of really economic pl~nt automation requires a careful combination of equipment, machines, and controls, depending on the conditions of production.
Economic plant automation involves using, in proper degree and
combination, such items as automatic machines, automatic mechanisms,
automatic controls, automatic computers, automatic data-processing
systems, and automatic devices for handling, conveying, processing,
assembling, inspecting, and packaging. With this wide range of equipment, automation systems today are being developed to a high degree,
in more complex operations and in larger plants than in the past.
An example which demonstrates a range of equipment and instrumentation is a typical t:ransfe~ machine for automotive castings shown
in Fig. 17.2. Transfer bar and chain carry the pallets of parts. The
operator unloads the cleaned and finished part from the pallet fixture,
loads a raw casting, and pushes a button to start the loaded fixture
into the line. Although many transfer machines are single-purposed,
the trend is toward more flexibility in their design. This type is
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composed of basic standard units which, when necessary, can be repositioned and retooled for product changes. Spaces are left for the.
addition of other units along the transfer stations.
The high degree of perfection which has been reached in all these
areas of automatic operation, along with the tremendously expanding
market of recent years, has made automation practical in many indus-

Fig. 17.2 Typical transfer machine for automotive castings
Tool Works Ltd.)

(Courtesy Modern

tries. Not only do the speed and accuracy of operation of much
modern equipment demand automation, but the monotony of repetitive
operations, heavy labor, and dangerous conditions in many instances
creates problems that can be solved adequately in no other way. The
sheer bulk and time-consuming handling of necessary paperwork for
modern enterprises have led to automatic data-handling and computing
systems to provide immediate information vital to economic operation.
Flexible automatic control in the form of a tape into which complete
coded information is recorded can be used to spearhead paperwork
operations not only in one manufacturing office but throughout a series
of widely separated manufacturing plants.
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ECONOMICS OF AUTOMATION

As products gro~ more diversified and complex and market demands
increase to fulfill the modern needs for better living, not only does the
demand for machinery, electrical power, and control grow, but the
basic production task of assembling the finished products becomes
staggering. With a .single item in one plant, this problem resolves

Fig. 17.3 Standard press setup, to assemble low-cost bearings
Departure Division, General Motors Corp.)

(Courtesy New

itself into how to assemble 3,500,000 separate parts into some 25,000
similar units each day. The practical result today is automation.
It is here and already at work for us.
From a practical standpoint; automation need not comprise gigantic
multimillion-dollar projects as with some transfer machines. Applied
in reasonable degree, even on an in-plant designed basis, partial automation can provide real dollar-and-cents savings. Standard automatic
machines can be equipped so as to offer flexible autom~tic operations.
Figure 17.3 shows a' special six-station press arranged to .assemble
low-cost ball bearings automatically. The shell, two r~ngs, and balls
are hopper-fed into fixtures for proper positioning. The operation
sequence is (1) align finished shell and inspect; (2) insert first race
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ring; (3) insert balls and lubricate; (4) insert second race ring and
inspect; (5) form shell around rings and balls; and (6) finish form
for size and running clearance with upper ring. At' the completion of
the six operations shown, the bearings drop into the package.
Increased productivity, better quality, and lowerjabor costs greatly
improve the wage and profit picture in plants with automation. Lower
unit costs made possible with automation not only more than pay for
the equipment but result in better satisfied customers and workers.
Many examples could be cited. One case indicates the trend. On
one automatic press line, 1000 horsepower. in electric motors and
$250,000 worth of electrical drive and control equipment are used.
The line saved $1200 per working day or the cost of- the equipment
yearly. Contrary to some ideas, however, roughly the same number
of employees are required but productivity is much higher without the
'
need for incentives.
There are many examples where automatic machines. have produced
phenomenal cost savings-reduced production cost.~ on a fastener, for
instance, from $12 to $2 per thousand; on another.:assembled component, reduced costs from $4 to 40 cents per thous~nd; on radio and
television equipment, reduced costs on some. operations of approximately 50 per cent; etc.
An important factor to recognize here is that small plants and joblot operations can also reap the benefits of automation. Systems for
automatic poultry packing have been installed fGrless than $15,000.
Oth~r small plant or small-lot manufacturing which have been automated are automobile radiators, special gears, auto headlight components, smelting and refining, tire mounting, appliance assembly,
rubber molding, aircraft wing riveting, etc.
17.4

AREAS OF APPLICATION.

Automation of plant operations may range from single lines of automatic equipment, such as presses which are fed and cycled continuously
with automatic handling, to complete manufacturing facilities where
components are fed, sorted, oriented, assembled, and tested automatically. Where job-lot operations are involved, 'flexible automatic control of standard machines is sought in order to achieve the economic
results desired. Industries in which automatic operation is now used
or is being developed include ordnance, pri~ary metals, fabricated
products, machinery, telephone and telegraphy, transportation equipment, food, tobacco, textiles, lumber and wood, furniture, paper, print-
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ing, chemicals, petroleum, rubber, leather, stone, glass and clay, mining,
merchandising, and distribution.
An electronic servo-positioning system for the Wiedemann turret
punch press is illustrated in Fig. 17.4. This view shows mechanical
components with a schematic of the control system. Such semiautomatic control offers floor-to-floor savings of 10 to 20 per cent.
To keep the servomech~nism as simple as possible, full advantage was
taken of pins used to lock the turrets in place. These made precise
angular location as. well as dead-beat positioning possible. The servo
amplifier oscillates between the outer boundary of the dead-band region
and maximum. sensitivity, which corresponds to an error of less than
0.1 degree. A relay oscillator-limiter initiates and maintains this
cyclic operation until registry is obtained. The oscillator section causes
a relay to make and break on a 1-second cycle, charging and discharging a capacitor in the limiter section. During the capacitor-charging
cycle, limiter contacts momentarily close. The circuit is so arranged
that sensitivity is shifted to maximum when the limiter contacts are
closed. Therefore, during the charging cycle, the drive motor is given
a short burst of power. Essentially, then, the oscillator-limiter section
is an automatic jogging control, somewhat analogous to a camera
shutter. The error-sensing mechanism for the system consists of a
pair of self-synchronous units, or synchros. The command unit is
mechanically connected to a station selector anq. remotely coupled with
the response unit, which in turn is mechanically connected to the lower
turret.
In such areas as chemical and petroleum processing, flow of component materials is continuous from step to step under instrument
control to final desired end-products and by-products. Automatic
instruments maintain preset temperatures, pressures, flow, etc., and
record and control the processing continuously. Materials may be
weighed, fed, conveyed, and dispensed by automatic devices. Completed products may be fed directly to automatic bagging, packaging,
canning, bottling, or other equipment and thence to storage.
In the food-processing field, automatic machines again are linked
together to produce an automated line. Like many modern chemical
and metallurgical processes which defy manual control owing to speeds,
pressures, loads, and accuracy of measurement, so also does food processing becallse of sanitary and critical processing conditions. Automatic con;trol devices monitor the conditions, flow, and movement of
the product continuously as preset. Processing may be continuous and
untouched by hand through to the final packaging and cartoning stages.
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Here, owing to necessity, really economic processing has been achieved.
Today, necessity is leading to similar achievements in other areas.
In metalworking today, automation ranges from simple units all the
way to complete plants. Through automation the big problem of
handling between operations is eliminated almost entirely with accompanying cost savings. Machining, stamping, heat treating, washing,
degreasing, plating, and finishing operations as well as assembly of
complete units are being done.
With the advent of digital control by means of tape, numerous
machines are being developed. Coded tape used to reproduce information in complete form is being adapted for controlling various kinds
of equipment. Today typesetting machines can be so controlled.
Machine tools are in use that follow instructions punched into a tape
or recorded by similar coding marks on a photographic fiIrI?- or magnetic tape. Among the types of tape being employed are commonlanguage paper tape, 35-millimeter movie~ film, magnetic recording
tapes, stainless-steel magnetic tape, and punched plastic tape in varying widths.
Figure 17.5 shows an experimental punched 35-millimeter-filmcontrolled milling machine developed ,by Industrial Controls Corporation. The photagraph shows a phot'oelectric tape reading device, thyratrons, and three-step motors to produce relative table movements. The
motors provide 108 steps per revolution but motors with more or fewer
steps can be built.
.
Figure 17.6 pictures a Fellows gear shap~r with tape and servo
control of cutting actions for producing noncircular gears used in computing devices. Tape is printed 35-millimeter photographic film.
Quantities of special gears from one piece and up can be produced
with real savings in tooling costs.
Although relatively few' machiries ' today' are being' produced with
automatic tape controls, most 'of the new models are being designed
with such use closely in mind. One new aircraft miller now completed
uses a combination of common-language paper tape and Flexowriter
unit with magnetic tape for effe'cting control. However, most of the
variety of machines in construction employ more conventional tracer
techniques adaptable to digital control. It appears today that the
m'ost accurate tracing:deviceELare a combination of electric tracing and
hydrauiic 'follow-up servo control.
What can he achieved with tape control, however, is well illustrated
by a type of machine now used successfully in aircraft plants. This
machine reads a tape to drill specific sequences and sizes of holes, select
a suitable rivet from automatic feeders, place the rivets, buck them
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properly, and drive the rivet under precisely controlled conditions. As
requirements change or the design is modified, a new tape and fixtures
adapt the equipment as necessary.
Figure 17.7 shows a unit for automatic riveting of aircraft wing
panels; this unit effects a 90 per cent time saving. Five-channel per-

Fig. 17.5 Punched-film-controlled milling machine powered· by special step
motors (Courtesy Industrial Controls Corp.)

forated 35-millimeter movie film is used for input data. Three films
are used for control, the longitUdinal one shown cuing the two others
which control transverse functions.· Tape holes are punched during
first setup operation.
Tape control is still in the experimental stage as far as most machine
manufacturers are concerned, and to date no definite trends have developed. Some data processing is swinging over to stainless steel tape
at present, and developments are moving apace.· For shop operation
'
plastic tape is considered too fragile.
One area in manufacture where automation today-5s being developed
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to meet a critical need is in final handling and distribution. Here the
delays and problems of handling products are being overcome through
the use of automatic machines designed to handle, store, unload, and

Fig. 17.6 Film-controlled Fellows gear shaper for noncircular gears
Cunningham Industries)

(Courtesy

load for shipment. Laborious handling of goods in-plant and in warehousing is carried out automatically with systems of machines and
handling devices. Conveyors of belt, chain, plate, roller, screw, and·
overhead rail types automatically deposit, retrieve, and carry products
under control of limit switches, photoelectric cells, and numerous other
devices to dispatch them as needed. Central push-button control panels
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permit selection, coordination, and dispatching as desired. Among the
most successful are those utilizing basic telephone control devices for
serviceability.
Figure 17.8 is the relay control panel for a warehouse handling and
sorting system. Automatic packaging is used at the end of the line.

Fig. 17.7 General Riveters Corporation automatic aircraft wing panel riveter
with punched-film control (Courtesy Convair)

Output was increased over 200 per cent and warehouse capacity over
100 per cent.
Figure 17.9 gives a view of the inner workings of the control center
of this equipment. Standard communications control components are
step switch banks, relay levels, indicators, and counters. The unit
permits selection of carton destination, shows carton location and full
racks by signals, and the electric counter records inventory with both
addition and subtraction functions. In the operation the unit performs
three basic functions. First, there is the selection of the container
destination and addition to the inventory. One bank of step switches
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working with fast-acting relays performs this function. It is important
to make the stepping of the relays and switches independent of the

Fig. 17.9 Inside view of control panel of Fig. 17.8 showing components (Courtesy Dasol Corp.)

length of time it takes for the operator to push the select button.
Special add-and-subtract counters are used to keep up-to-the-minute
inventory. These are tied into both the previous select relay circuits
and the tilt sections associated with the sorting racks.
The second phase consists of memorizing the selections in consecutive
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order. Two banks of step switches under the control of relays pick
up the calls and record them for future use. Should there be an error
in selections, an independent relay circuit allows the error to be erased
and deducted from the inventory of ~hat particular rack.
The third and last phase is the read section. A group of step switches
coordinates the information relayed by limit switches at the individual
rack and the selections retained in the memory levels of the previous
circuits. Motor control relay circuits are energized to stop the container at its proper discharge point and effectively send the container
down its rack over a specially designed pull-off friction wheel drive.
Erase levels then delete the section from the memory. The stepping
levels of the read section wait for the signal that the container has
passed the eye before carrying out the next selection. Separate levels
in the step switch circuitry guard against asynchronous troubles by
giving a visual indication of the causes as well as preventing any
further error.
Today, controls of this type are being applied to machine tools to
an increasing extent.
17.5

AUTOMATION IN MANUFACTURE

Automation in manufacture today is of real interest for companies
seeking to improve the quality of their products as well as to reduce
the cost for a competitive and broader market. And, it is in this area
that some of the most difficult problems are being met. But today,
even such complex items as parts of television and radio circuits,
springs, radiators, appliances, engines, bodies, and a host of other
products are being produced on automated lines.
Manufactured items, hardware, and other products are being produced partially or completely automatically or in a series of flemiautomatic steps. Automatic machines linked together by feeding, sorting, conveying, orienting, stacking, and other automatic devices carry
the parts through a series of manufacturing operations. Such operations as casting, machining, forging, stamping, bending, drawing, coiling, etc., are being done automatically in a series of steps or are included in a completely automated procedure. Much as instruments
monitor the processing of chemicals and the melting, casting, and treating of metals, so in like manner inspection and gaging devices control
the processing of pieces being manufactured or completed and assembled into a finished product.
It may well be asked what the difference is between automation and
ordinary mass production as we know it. First. automation should
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not be confused with basic mass-production techniques. Mass production, as developed from the original ideas of Eli Whitney, comprises
the basic science of manufacturing, without individual fitting, large
quantities of products from groups of components produced in mass.
The primary feature of mass production revolves about dimensional
standardization of components to permit interchangeability in assembly. Manufacture may be entirely by hand methods from start to
finish. Mass-production techniques, however, constituted a major step
in creating the possibility of providing large quantities of complex
products with superior quality and uniformity at lower cost in time
and money. But today, hand methods often fail to fulfill the requirements because of economics, market demand, speed, labor, and other
factors. The solution is the succeeding step in the manufacturing picture-automation.
17.6

TYPES OF AUTOMATION SYSTEMS

In the achievement of automation, groups or sequences of operations,
automatic mechanisms or machines, and control and handling devices
are brought into a single system to produce continuous or cyclic operation. Wherever two or more automatic machines are tied together with
overriding automatic controls to create self-feeding, a self-initiating
and self-checking process, an automated system is created. Material,
data, or ·pieces can be introduced into the system manually or automatically, and the processing steps are carried out to a reasonable
degree, without manual intervention, to completion. Control may be
simply mechanical, electrical, electronic, or a combination. Generally,
almost any process can be automated. It is possible to automate a
single-stage operation, a sequence of operations, a whole department,
or a plant.
One modern installation which indicates the handling possibilities
is television-tube production shown in Figs. 17.10, 17.11, and 17.12. An
early stage in the Sylvania television-tube automatic line is shown in
Fig. 17.10. From the bulb-washing machines, tubes move through this
settling room controlled by one man. Automatic suction arms lift
bulbs to spill out the chemical solution and then deposit them on a
screen drying conveyor.
After passing through a screen lacquering operation, the tubes are
placed on this automatic aluminizing line where the funnel portion is
coated (Fig. 17.11). Each bulb is evacuated and pure aluminum vaporized within the bulb to .create a mirror surface.
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The actual aluminizing operation is carried out by the equipment
shown in Fig. 17.12. Following this the lacquer is baked out, units
are exhausted, bases sealed, aged, and automatically tested. The automatic tube conveyor system employs some 400 limit switches, 700
relays, 75 timers, 100 motors, and 16 miles of control wiring.

I

Fig. 17.10 Early stage in the Sylvania automatic television-tube line

Automation can be segregated into several types. It is possible to
create an automatic batch or a continuous system. One process, for
instance, may be more economically carried out in batches and another
when operated continuously. Process characteristics as well as economics dictate the best method. On one hand, operations such as those
including furnace treatment may require batch-type arrangement, although mass-production operations can often be carried out more economically on a continuous basis, keeping close control of the workpiece.
Figure 17.13 shows the schematic flow of the automatic batch
production line for bearing races with integrated press forming, machin-
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ing, annealing, washing, carburizing, and grinding operations. The raw
material is first press-formed, machined, washed, annealed, washed,
press-deep-drawn, washed, annealed the second time, washed, machined, gas-carburized, water-quenched, tempered, cooled down in
soluble oil, and moved to final grind. All furnace charging is carried
out through hoppers equipped with metering' devices and charging

Fig. 17.11 Automatic aluminizing section of Sylvania television-tube line

mechanisms. By building up charges in these hoppers, any variations
in flow from machine tools and other equipment will not interrupt the
regular flow of parts required to keep the furnaces operating at peak
capacity.
Secondly, manufacturing automation systems may be set up with
end-point control or in-process control. With end-point control, processing is completed before testing, checking, or gaging is done. This
is suitable in many processes and feasible with others. However, where
high precision or high-cost pieces are involved, in-process control is
desirable for economic reasons. For in-process control, material being
processed is under continuous control; metal parts, for instance, are
gaged in the machine and correction or size control is accomplished
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during the operation. Gear cutting and shaving operations, for example, can now be carried out under continuous gaging and measuring
instrument control, and necessary corrections are fed back to the equipment continuously.
Figure 17.14 is an example of end-point control. For existing internal grinders, a gage may be used which fits into the machine discharge

Fig. 17.12 Sylvania aluminizing operation close-up

chute. The completed workpiece is discharged by machine, rolls into
the gage as shown, and is trapped for inspection. Good pieces are
accepted and roll down the chute. Off-size pieces actuate the trap
door shown to segregate good and bad production.
Figure 17.15 is an example of in-process control. Automation
installation shows parts on the conveyor passing over the top of the
gage. When in position between grinder centers, the part is automatically picked up from the chain. The hydraulic cylinder built into
the gages causes the gage to jump on to the work; the grinding wheel
then advances to begin the cycle. When the part reaches an acceptable
size, the wheel is automatically retracted and the cycle continues.
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An example of a completely automated standard gear production
machine is shown in Fig. 17.16. Work is fed into the machine from
From
Workpiece

Fig. 17.14 End-point control device for grinders (Federal Products Corp.)
Indexing conveyor motion-

Grinding wheel

Fig. 17.15 In-process control for center grinding

(Federal Products Corp.)

the hopper and chute at left; a three-way classifier in the center checks
the gear for size; the controller at right automatically adjusts the center
distance between cutter and work. The controller also keeps a statisti~
cal record of production and shuts down the machine after a predeter-
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mined quantity has been reached. Quality improvement and scrap
elimination are considerable. With complex parts, end-point control
offers the only practical solution.

Fig. 17.16
Tool Co.)

Completely automated gear production setup

17.7

(Courtesy Michigan

QUALITY AND FEEDBACK CONSIDERATIONS

Another area that assumes key importance in automation is statistical quality control. Although desirable in ordinary mass production,
it is neither always used nor an absolute necessity. Common methods
of gaging after manufacture without machine control are still commonplace and still suitable to a large degree. To permit economic automatic assembly or automatic production of separate pieces, in-process
continuous gaging to eliminate scrap and off-size is desirable and often
necessary. Although not commonly recognized, feeding, chuting, orienting, and assembling operations in automation fail most often because
of nonuniformity or nonconformity of parts.
Through automatic size and uniformity control of the parts being
produced, production of bad pieces is eliminated. Economically of little
importance in production for hand assembly (where scrap can be
detected by the assembler), in-process gaging before continuous production assembly operations is important. Extremely small irregularities can jam intricate devices easily and, hence, crude operations may
often be impractical to automate.
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Here the design for economical automatic production assumes critical
importance. Individual pieces can be designed for maximum facility
in the reproduction process; in the gaging procedures necessary; in the
handling, chuting, orienting, and feeding steps required; and in the
actual assembly arrangement.
Where granular and fluid materials are processed, the same holds
true-the quality of the product produced is dependent on the control
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Fig. 17.17 Nuclear gaging system used for coated abrasive processing (Courtesy
Industrial Nucleonics Corp.)

of the ingredients. Manual control usually results in high rate of loss
and wide variations. Quality can be improved and maintained by
automatic control of ingredients. Cost is largely reduced by eliminating scrap and rerun and attaining faster output. In many cases, scrap
reduction and quality control alone account for significant savings. In
one instance, by replacing a hand inspection test with an accurate
automatic test, not subject to operator variations, needless scrap was
reduced almost 50 per cent. In another instance, automatic metering
and weigh feeding of ingredients eliminated millions of pounds of rerun.
Cost savings are worthy of real concern but in many of these cases,
actual losses fail to appear as such or are accepted as a necessary evil
associated with the particular product.
Figure 17.17 is the schematic arrangement of a nuclear gaging installation in coated abrasive processing. Until recently, gages used
functioned merely as recording instruments. Control was exercised
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manually and the machine had to be stopped every 1000 yards to cut
weight samples. Now the equipment includes five Industrial Nucleonics gages with feedback to permit automatic, precision control.
Yearly savings were $90,000, exclusive of labor saving which was only
$7500. Similar installations are being widely adapted in metalworking.
This then is the area of feedback. Regardless of the level of automation, information can be fed back through the control system to
more or less control the accuracy of the job being done. Gages and
measuring devices can control production operations; instruments and
sensing devices can monitor processing operations to hold preset values
or vary values as desired; mechanical controls can maintain preset or
sequences of steps as needed. They can also shut down the process
in event of trouble. In other cases the actual procedure itself forms
the feedback loop-if it cannot be completed the operation stops-or an
operator at the final controls forms the feedback loop. The main purpose is quality or accuracy.
'
17.8

DESIGN OF PRODUCTS AND AUTOMATIC ASSEMBLY

Real economy in mass manufacture of products has been closely
associated with good design for production, but failure to insure the
best design features has seldom denied satisfactory results. Actually,
it has even been possible to defy good design criteria and depend on
the skill of the men along the lines to supply the necessary correction
factors. Not so in automation. Mere mass-production techniques
must be superseded by modern production design for automatic manufacture. Although there are instances where production of components
and assemblies has been automated without design change, in most
cases significant savings await ingenious design modification.
This is especially true of automatic assembly. To attempt to assemble automatically without consideration of design modification for
suitability would parallel the attempt to mass produce without regard
to the technique of interchangeability. Today, with automation, simplicity in production design is the byword. Basic principles for assembly design are just now being evolved, and in the near future it will
be possible to present specific data for design guidance. With some
designs, even arduous labor and large expenditures may not provide
the desired economic result. The much publicized Project Tinkertoy
bears this out. After thorough economic studies were completed it
was found that semiautomatic methods offered the most effective result,
not complete automation.
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In this analysis of the project it was found that the electronic amplifier of simplified modular design reduced manufacturing cost 38.5
per cent over conventional piecemeal design. This method consists in
hand-assembling the simplified machine-produced components. Fully
mechanized production of the same modular design reduced cost 44
per cent with roughly the same output per hour. However, seven of
the process steps proved to be lower in cost with the hand method,
and when substituted in the otherwise mechanized procedure the combination offered the lowest total cost per unit.
Significant factors in the project were that $665,000 was required
to create the all automatic facility and $82,000 the semimanual. Little
savings would accrue from increase in size of either facility. Limitations on the output, and hence economics, of the mechanized production installation were found to center around equipment cyclic rates,
machine delay time, reject percentage, equipment costs, numbers and
skills of operators, and equipment maintenance. This example merely
indicates that automation is not a panacea. As always, a neat overall
compromise in both design and production provides the best end result.
Today, in electronics assembly, the most successful approach appears
to be that of using time-tested basic components with etched circuit
boards. For example, the automatic electronic assembly machine built
by General Mills, Mechanical Division (see Chapter 13, Figs. 13.16
to 13.20), inserts from one to twenty-four electronic componentsassorted resistors, capacitors, pulse transformers, and diodes-into
printed circuit boards. The normal speed is twenty assemblies a min- .
ute, nearly 10,000 in an eight-hour day. For assembly of an IBM
computer circuit, the etched circuit has been designed as a standard.
By inserting components into the proper sequence of holes, anyone of
a series of basic computer circuits can be produced. Standardization
of the design has permitted automatic production of boards. All necessary circuits can be produced from one standard circuit board.
Overriding considerations in basic design detail which must be
brought into play for automation can also, and often do, contribute
direct additional benefits. Typical cases on record show that the constant drive toward suitability for automation and for simplicity result
in products that are much superior from standpoints of performance,
uniformity, stability, service life, and maintenance.
Actually, automatic assembly is not new but its development has
been slow and laborious. The demand for assembled products in many
areas was such that there was no possibility of reasonably producing
them by conventional hand methods many years ago. As a result these
items have long since been produced automatically. At present the
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following operations are included in automatic assembly lines: (1)
machining-drilling, reaming, tapping, milling, boring, and burring;
(2) press operations-stamping, riveting, upsetting, staking, piercing,
trimming, and forming; (3) joining-welding, soldering, and heat seal-

Fig. 17.18 Automatic bolt-positioning and torquing machine for aircraft engine
housings (Courtesy Wright Aeronautical Division, Curtiss-Wright Corp.)

ing; (4) feeding-hoppering, feedhig and driving screws, and applying
sealers and lubricants; (5) inspection-weighing, sorting, measuring,
and testing; (6) miscellaneous operations like burning off materials
and cleaning operations; and (7) packaging-counting, package making and closing, and printing.
Today these principles are well established and any product can be
assembled at least in part. But this equipment requires highly trained
operators and setup people for successful operation. Present know-how
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indicates that a limited group of steps should be included in one assembly sequence-perhaps up to twelve-and for success each sequence
should be arranged to permit dropping out of the line for short periods.
On the basis of modest-sized components successfully handled so far,
work is now in progress to automate the assembly of automobile engines. The semiautomation of aircraft engine assembly is already
history.
The automatic machine shown in Fig. 17.18 positions and tightens
bolts of the engine tappet housing to the rear aircraft engine crankcase
section. The tappet housing is positioned between the power and rear
section and houses the pushrod assemblies for operation of the cams
and rocket arms through the cylinders. Each of the automatic machines for assembly is positioned in front of the assembler at working
height and the assembly is done with as little human error as possible.
It is often necessary to develop new production techniques for economic automation. The Rockford Army Ordnance shell plant is a
good example of an automation process design based on conventional
production techniques. The line has two parts: (1) forging and (2)
machining for 155-millimeter shells. Compared with a standard line
the following factors have been pointed out. Product quality and uniformity are better. Operating cost is "average," but if equipment depreciation were figured in, cost would be higher than that for a standard line. First cost for the line is greater. Maintenance costs are
higher and spare parts of a special nature are a problem. The same
number of plant personnel are required but in all cases much higher
skills are necessary. Today, this type of shell processing has been revamped for production by extrusion techniques which completely obsolete the earlier approach.
17.9

ENGINEERING AND MANAGEMENT

Automation creates a greatly increased demand for engineers. Not
only does the product or service to be automatically processed require
better and more competent preliminary design, but so also does the
production equipment. Improved design for production is a must for
economic reasons and for suitability to automatic processing. Greatly
increased engineering time is absolutely necessary in the development
of successful automation. Today, the engineering time and cost are
paramount, and the actual equipment construction cost often becomes
insignificant in comparison. The achievement of more widespread
automation places a high priority on the supply of competently trained
engineers and engineering technicians. The future rate of advance
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will be closely associated with their availability and the development
of new techniques and know-how. Necessarily, advance will be gradual rather than overnight, owing to the sheer bulk of problems requiring solution in each instance.
Along with increased engineering staff and engineering activity, real
achievement in automation requires a much closer coordination of
top management, engineering, and all phases of manufacturing. Successful application of automation principles necessitates full appreciation of the numerous factors involved and a rational approach is
needed.
Viewed as an engineering and organizational problem, automation
can be basically termed a horizontal technology. Both functionally
and industrially, automation requires a blending and coordination of
many specialized vertical areas of engineering and industry.
Where continuous processing is concerned, two or more specialized
industrial fields may be involved. Where previous practice permitted
each to develop single facilities separately, under automation these
generally must be tied into a single system. It is not unusual to find
materials handling, chemical processing, heating, mixing, blending,
pressing, machining, assembling, inspecting, and packaging combined
into a single system.
Figure 17.19 is the layout of the Dodge continuous forging line for
crankshafts. Total time for each part is 8 hours but shafts emerge at
30-second intervals.
From the previous forging line, crankshafts move to the heat treatment line (Fig. 17.20). Twin systems match this relatively slow process with the forging line production rate.
The major problem of automation consists in the integrated engineering of widely divergent manufacturing areas in an atmosphere where
specialization has been the typical practice. Thus, the need has arisen
for developing special automation engineering groups of broad background and experience. Before automation, few engineering departments were set up to cope with this problem. Today, however, such
engineering facilities have been found to be a necessity, and many
specialized consulting groups have been formed to supply a complete
service for companies not in a position to maintain such a group.
With the development of engineering groups of broad industrial
experience, know-how and techniques commonplace in one industry
are readily adapted and transplanted into another. Instances have
been all too numerous where one industry has been found to be working
diligently to develop a method identical to one in use for many years
in another industry. Automation, by virtue of its horizontal nature,
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is fast bringing to light many of these obscure developments and evolving an overall technology which makes tremendously increased demands
on engineering acumen. The result will be seen in strong demand for
Warming
furnace

400 0

Air-cooling zone

Fig. 17.19 Continuous forging line for automotive crankshafts (Courtesy Dodge
Division, Chrysler Corp.)

increased engineering personnel in top management, in the engineering
department, and in plant operations.
In no case should the president or top management decree automation. Economically this is not feasible-results often will be either
unsatisfactory or even unsuccessful. The many cases of real achievement on record which have stemmed from altogether unrelated causes
emphasize the need for careful management study of the overall prob-
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lem. To expect automation to develop "upward" from plant and
engineering sources alone will fail to produce the full potential.
In many instances today the automation programs being instituted
are set up so as to be sparked and fully controlled by management
since the effective climate for automatic operations includes many areas
of the enterprise outside the ordinary sphere of engineering. Thorough
research by management can often reveal the presence, absence, or
adaptability of critical factors necessary for realization of automation.
A survey of industries both old and new using automation reveals
that it has proved uneconomic to attempt a direct jump to full automation. The very complexity of most installations forbids it-and seldom
has it been done. On the contrary, it is most practical and economical
for automation to evolve gradually. Automatic manufacture of various types of headlamps and other light bulbs provides an excellent
example. Here it is found that evolution has been in process for perhaps twenty years, step by step, with each step requiring considerable
engineering and development-and with no one person or group being
the sole creator. Rather, many engineers and plant personnel are
needed to produce the final successful product.
Thus, the rational approach proves to be one in which automation
is entered into with considerable study, research, and economic evaluation from all vantage points. Every proj ect must be carried out and
completed under a master plan which includes full evaluation of automation possibilities, even if use is practical only in a minor degree.
Working with a program in which all phases of the existing organization are cooperating, management, engineering, and labor, leads to
an understanding of what automation is trying to accomplish. Methods
study men of yesterday sought to determine whether a given motion
was really necessary, but the automation engineer of today is questioning every phase. The design of the product-is it suitable for manufacture? The manufacturing method-do we need this operation at
all? And the operation itself-is it in the right sequence? Should
it be done by automatic machines? Can the automatic operations be
linked together to get automatic production?
17.10

THE FUTURE

Once the full perspective and potential of automation are apparent,
its application in proper degree can result in real advance. Vastly improved working conditions and far greater development of potential
interests and skills can be attained. The necessary elements for automation are largely available. The question today is not will there be
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automation but how much will there be and how soon will it spread
across aIr manufacturing industry.
17.11
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18.1

INTRODUCTION

It is my intention in this discussion to consider the dollars and cents
aspects of automation from the management point of view. It is
important that we look carefully and critically at the economics of
automation, for automation will stand or fall on the economic yardstick of cost versus payoff.
Automation is an industrial product, sold in industrial markets. It
is new. It is expensive. It has many uncertainties. It will not be
bought as a style or fad or gimmick. It will be bought only when it
offers a better, more efficient way of doing the job. The economics
of automation will make ,or break it-it must payoff.
In these terms our discussion should include a consideration of the
economics of automatic equipment, the impact of automation on management, the application of data processing to plant management
problems, and the impact of automation on the society of which industry is a part.
Although automation is a new word in our industrial vocabulary, it
is not a new phenomenon, and a brief look at the past will provide
clues to the significance and the acceptance of automation in the
future. Therefore, I feel compelled to take time to try to build a frame
547
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of reference for the consideration of the economic and management
aspects of automation.
Fundamentally automation is a natural and logical extension of the
technological change that had its origin in the wheel, the crank, the
screw, and other basic mechanical concepts. It is an outgrowth of
the mechanization which characterized the first industrial revolution.
It is a logical end to imaginative, uninhibited methods study and
process improvement. Modern automation brings important new techniques to industry-programming, feedback, computers, servomechanisms, etc. It introduces the principle of self-regulating control, the
concept of machines to run machines. It makes possible the replacement of human judgment in the control of industrial processes. But
from the dollars and cents point of view of operating management,
automation represents merely the addition of new techniques to the
tools of mechanization which industry has been developing over the
past 150 years. These new techniques will accelerate and greatly
extend the substitution of machines for men. They will make economically feasible the mechanization of operations where mechanization previously was not practicable. But to plant management automation is not basically new, and it must compete with the many other
techniques of cost reduction and product improvement.
Expressing automation in terms of our personal lives, we can say
that we are today at the stage where our automobiles have power
brakes, power steering, and automatic transmissions. All of these
have been designed to help take the physical effort out of driving, but
the operator is still required for control. Automation in the modern
sense can "close the loop." It could make possible an automobile that
could be driven on to the highway, and then, with the dial set for
San Francisco, the occupants could read or watch television or look
at the scenery or sleep until they arrive there. Modern control-type
automation can make similar contributions in the plant, the office, the
warehouse, and the farm.
Automation has been called the second ind~strial revolution, a revolution in which electronic controls will replace man's brain or sensory
system in the same manner as power machinery replaced his muscles
in the first industrial revolution. It has been said that the first industrial revolution provided machines; the second, machines to run machines; or that the first revolution was characterized by power and
the second by control. Weare interested here in the economic impact
of automation rather than in semantics, but the point should be emphasized that automation is likely to be more of an evolution than a
revolution. Like mechanization it will come slowly and gradually and
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not overnight. And as economic historians look back on this period
of our industrial development and interpret it in terms of the grand
sweep of economic history, they will note that in the mid-twentieth
century, "something new was added," something which greatly accelerated the application of technology to industry, something which increased the rate of productivity growth from its traditional 2Jf2 to 3
per cent per year to a rate perhaps double that. They will note that
whereas extensive mechanization was feasible only in mass-production
industries, the development of automatic electronic controls made possible the substitution of machines for men on a much broader scale
than ever before.
18.2

THE GROWTH OF AUTOMATION

Before we term automation the second industrial revolution, we
should recognize another contender for the title, the revolution in management philosophy and practice pioneered by Frederick W. Taylor
at the turn of the century. This revolution was not evidenced by
material changes such as automatic conveyors, transfer machines, and
workerless factories; but Taylor's contribution of scientific planning
and control as a substitute for off-the-cuff management was in many
ways much more fundamental than automation. His proposal that
management decisions be based on objective investigation and fact,
rather than upon hunch and tradition, and his advocacy of determining
in advance what management hopes to achieve and then establishing
controls to make certain it is achieved, were extremely radical concepts
at that time; in fact, unfortunately, they are still radical doctrines in
some business quarters today.
It is interesting that from Taylor's basic concepts and study of the
management job came not only what we now call scientific management but also the systematic approach to industrial technology that
is today leading to the automation of production processes. Taylor's
own development of high-speed steel is a classic example of the type
of organized industrial research on which the technology of modernday industrial automation has been built. And as we shall see later,
Taylor's concept of management will reach its highest level in the age
of the automatic plant, when long-range planning and control by management will be fundamental to successful operation, and when electronic data-processing equipment will make possible advance planning,
logical decision making, and effective coordination and control to a
degree that Taylor never dreamed possible. The popular example of
early automation is Oliver Evans' flour mill built outside Philadelphia
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in 1784. Rather meager information regarding the construction and
operation of this plant is available, but we are informed that by using
water power to drive such modern devices as belt, bucket, and screw
conveyors, grain was automatically processed into finished flour without human assistance.
There are numerous other examples of early-day automation. The
"Victualing" Office of the British Navy is said to have operated an
automatic biscuit factory in 1833. Jacquard developed and built his
first punched-card-controlled loom for weaving figured fabrics in 1804.
Elias Howe developed the modern high-speed sewing machine in 1845,
and mechanical coal stokers were introduced in the same year. In
1854 the automatic telegraph message recorder was developed. Conveyors that automatically weighed and transported animal carcasses
were introduced in the meat-packing industry in 1869. The Westinghouse automatic air brake was invented in 1872, cigarette machines
were introduced in 1876, and automatic bottle-making machines in
1907. In 1920 the famous A. O. Smith plant was built, a factory
designed and equipped to produce automobile chassis automatically.
Strip steel was sheared, punched, formed, riveted, and painted by automatic equipment, ultimately at a rate of 10,000 finished. chassis per
day in a plant where the workers were primarily inspectors and maintenance men, not producers. Ford has had an Automation Department
since 1947, the same year in which Sargrove built two machines in
England for making radios automatically.
Our process and chemical industries have been largely automatic
for many years; so also has been the production of bottles, tin cans,
paper, light bulbs, radio tubes, cigarettes, phonograph records, and
many other products.
Individual automatic machines are common throughout industryautomatic lathes and screw machines, automatic mills and drills, automatic punch presses, canning equipment, printing presses, and bottling
plants. We have automatic molding machines in foundries which fill
and ram molds at the rate of one every 20 seconds, draw, blow clean,
place sprues and risers, roll over, close, shake out, and after pouring
return the flasks to the molding station while the castings are automatically carried away, gated, and cleaned.
During World War II, the transfer-type machine was developed.
The transfer machine consists of a number of more or less standard
machine heads coupled together with automatic handling between stations, mounted on a common base and centrally controlled. One
recently built performs 688 machining and inspection operations on
100 V-8 cylinder blocks per hour with one operator. Such machines
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typically have automatic conveyors to return work-holding fixtures to
the loading end, automatic chip removal, and signals to indicate tool
wear and malfunctioning. These units are becoming so complex and
carryon so many functions that it is said that it can be statistically
proved that they cannot function, that at any given moment they will
be shut down for maintenance or tool replacement. Cyclic tool change,
preset tooling, unitized plug-in circuits, graphic indicator panels to
help localize trouble when breakdowns occur, and segmented automation are some of the techniques used to meet this problem.
Automatic inspection, testing, sorting, weighing, and packaging
equipment is widely used. Simple components such as oil filters are
now being automatically assembled. A $21.95 radio is reportedly being
manufactured and assembled in 4 minutes, the whole process being
completely automatic. A $60.00 vacuum cleaner is being made with
only 60 cents worth of labor in it. A trackless, operatorless "sniffer"controlled industrial truck can follow a wire buried in the plant floor.
Color sorting is being carried on at speeds up to 200 scannings and
sortings per second. Remington Rand is currently advertising that the
UNIVAC high-speed printer can read out and print a full page in 9
seconds.
Through control automation, machines have been taught to observe,
think, make decisions, and act accordingly. For example, most automobile engine plants now have crankshaft balancing machines which
check the balance of a machine crankshaft, remove the right amount
of material from the right place to correct any unbalance, and pass
the finished shaft on to the next operation.
There is another type of development which has much the same
impact as automation-shell molding, die casting, and powder metallurgy-processes that are not only ideally suited to automation themselves but also have the effect of eliminating subsequent operations or
facilitating their automation by providing consistent dimensions which
permit automatic handling, chucking, and assembly.
Well, if automation is not really new, if it is basically the same old
stuff in fancy dress, then why all the excitement over it? Why do
people like Ben Fairless, Douglas MacArthur, George Meany, and
Walter Reuther go out of their way to comment on it, sometimes at
great length? Why all the attention given to automation in the
magazines, Sunday supplements, editorials, company publications,
symposiums, labor-management meetings, and military groups? Why
is it that we see the word in practically every issue of such magazines
as Fortune, Time, Business Week, and the Wall Street Journal? Why
do we have several new magazines devoted entirely to the subject?
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Why are advertisements using it for a catchword? Why are others
manipulating it as a trick word-"economation," "fleximation," "airmation"? Why are labor leaders making a scare word of it, using it
as a fulcrum for wage increases and the guaranteed annual wage?
Why have even the Russians climbed on the bandwagon with an article
purporting to describe "the world's first automatic piston factory"?
There are primarily three phenomena responsible for this upsurge
of interest.
(1) Mechanization or "Detroit automation," applied thus far in
only a rather narrow segment of American industry, the production of
automobiles, appliances, foodstuffs, and similar items of mass consumption. Mechanization is increasing at a rapid rate under pressure of
increased labor costs, competition, expanding markets, high purchasing
power, and easy capital.
(2) The technique of automatic, self-regulating control, the heart
of the new plant automation, the direct outgrowth of the electronic
technology of World War II. This is the application of the "little
black boxes" which pilot aircraft, direct gunfire, and control the flight
of guided missiles to plant problems of guiding the feed and cut of
machine tools, controlling conveyors, inspecting, assembling, and packaging the finished product.
(3) The development of computers or electronic brains which can
and will automate vast areas of clerical, statistical, and administrative
work.
It should be noted that the devices of automation are not necessarily
electronic, nor are they necessarily programmed, nor do they all incorporate the principle of feedback. Some represent only techniques
of mechanization without feedback-cams, levers, air or hydraulic pistons, limit switches, relays, solenoids,· etc. Such devices will be part
of the automation package, too, the actuators which carry out the
instructions of the control equipment.
The more recent additions to the automation kit, with which the
plant engineer or machine designer works, are the electronic devices,
offering programmed self-regulating control. The ability of these devices to follow a planned sequence of actions, to make a logical choice
between alternatives, to monitor their own performance, to detect and
correct their own errors, and to make certain that they have performed
exactly as instructed-these are the contributions of modern automation. The versatility of electronic controls is almost without limit.
There are few if any jobs in industry they could not perform if economically warranted.
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ECONOMIC BENEFITS

The economic benefits of automation are not limited to the replacement of labor, for it can improve quality, decrease spoilage, and increase machine and space productivity. But clearly its greatest economic benefit and most effective sales appeal is as a substitute for
human operation and control. Let us not be evasive or timid on this
point. Let us be frank, honest, and realistic. Let us not hide automation's greatest potential benefit-the elimination of labor.
I have heard numerous manufacturers state recently, "We want our
equipment mechanized to take the hard work and drudgery out of the
operation. But wherever possible, we also want it automated to eliminate the human element, to obtain consistent and predictable results
which cannot be obtained when labor has control of the operation.
We want to be able to know our costs in advance. We want the
operation set up so the machine paces the worker, rather than the
worker pacing the machine. That is as important as eliminating the
worker."
Automation has given us devices which can see better, hear better,
and measure better than human operators. They are more reliable,
more powerful, and more precise. They think and move infinitely
faster than humans. They never get tired, they willingly work around
the clock, they do not make mistakes, they do not talk back, they
are obedient, consistent, and fully predictable. They will not go out
on strike, they do not ask annually for higher wages, and they have
few personal problems.
From the standpoint of industry as a whole, one of the most important characteristics of electronic controls is their high degree of flexibility. This is a fact of basic economic importance in the potential
of future automation. Mechanization as it has been applied in the
automobile industry is feasible only in long-run assembly line, massproduction type of operations-a dramatic but relatively small segment of industry. We must bear in mind that over 75 per cent of our
manufacturing falls into lot sizes of less than fifty pieces. Such shortrun production simply cannot afford mechanization of any appreciable
magnitude. If, however, mechanisms can be developed to carry out
the necessary operations automatically, and at the same time permit
ready conversion to other sizes and other shapes, or to completely
different operations, we shall have gone a long way toward solving
the problem of au~omating more than just a select segment of industry.
Electronic controls appear to provide such flexibility. The bright new
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future, which they promise, lies in the possibility of mechanizing intermediate short-run operations, where any high degree of mechanization
has thus far been impossible-in the aircraft industry for example.
Those engaged in the production of automation equipment -will do well
to recognize that the green pastures are not all in Detroit. The intermediate and short-run market offers broad opportunities to the equipment manufacturer who can meet its special demands.
There are many automatic processes that are inherently flexible as
far as product is concerned-die casting, heat treating, plating, painting, cleaning, etc. The automatic molding machine described earlier
can be converted to casting other products simply by changing patterns.
Now electronics seem to promise similar flexibility in other areas such
as machining. The best-known example of such flexibility is MIT's
numerically controlled milling machine in which a punched tape controls all action of the cutter in three dimensions. It will machine-out
any simple or complex design dictated to it by the tape within the
capabilities of the milling machine.
The Arma Corporation has developed a small lathe controlled by a
punched tape much like a player piano roll. A technician working
directly from blueprints punches the required information into the
tape. Reportedly this lathe produced in 4 minutes a piece that required 30 minutes for a skilled machinist to make. Tape preparation
required only 15 minutes; in other words, the machine was programmed
and turned out a single piece in about two-thirds the time required
by a skilled machinist and thereafter continued to produce at a rate
seven times as fast! The estimated cost of the electronic control was
$1500 or less than one-third the annual cost of a machinist. This
machine performed only very simple work and is not yet commercially
available, but its significance is apparent, especially its very high
flexibility.
There are many others working on similar approaches. For example, development work is now being carried out in Palo Alto on an automatic machine tool controlled by means of a magnetic tape which
provides up to fourteen channels of control. It is contemplated that
companies which cannot afford the necessary taping equipment will
send blueprints to a centralized taping service, which will then supply
the tapes ready for use in the same manner as photographic films are
developed and printed. Changing from one job to another will be just
a matter of changing tapes and tooling.
When such machines as these are coupled together with flexible
automatic loading, unloading, handling, inspection, and assembly devices with appropriate controls and interlocks, the automatic factory
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will come into its own. So far as I know, relatively little has thus
far been done to obtain the same degree of flexibility in these other
areas.
It must be emphasized that there are other important incentives
to automation besides reduction in labor costs. The experimental
Arma lathe, for example, through feedback control, held tolerances
to 0.0003 inches, much closer than the skilled machinist can do; thus
automation produces a better product with less scrap, and tolerances
can become a matter of little concern. Further, automation can
greatly increase operator safety. It can eliminate drudgery and improve working conditions. It can decrease space and equipment requirements by increasing machine productivity and permitting roundthe-clock operation. It can make economically feasible operations and
products which previously could not have been competitive. For
example a new reusable shipping crate which can be quickly taken
apart or put together without nails or tools is now being produced
in Los Angeles. Thanks primarily to automation, this product has
an extremely promising future, for the intricate and precise cutting
and boring required are economically feasible only because a specially
built automatic cutoff and boring machine has made production possible at competitive prices. This machine does more accurately in
6 seconds what it took 2 minutes to do on conventional tools. At an
anticipated production rate of over 2000 cleats per day, the production savings are clearly apparent. The payoff is less than one and a
half months-and the venture would have been impossible without the
automatic machine.
18.4

DETERRENTS TO AUTOMATION

The foregoing examples indicate some of the technical possibilities.
But to foretell the future of automation, we must ask ourselves some
questions about automation from the standpoint of operating management. What use should we make of automatic equipment? How
fast should we go? What are the basic considerations determining the
applicability of automation?
To me, one of the striking things about automation is not what
can be done in the future but rather how little has been done in the
past. The past is indicative of what industry is likely to do in the
future; hence, it warrants consideration here. There are thousands
and thousands of operations ·now performed by human workers that
could be performed more accurately, more efficiently, and at lower cost
by automatic means, using devices which have long been available
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such as air and hydraulic cylinders, limited switches, solenoids, relays,
photoelectric cells, etc.
Why has industry not taken greater advantages of the opportunities
offered by these devices? . What considerations have determined
whether or not specific operations should be automated?
Availability of capital has of course been a prime consideration.
Automation equipment is generally expensive. There has been little
standardization of components and generally speaking each installation must be engineered for the job. Each proposed mechanization
must compete for available dollars with other uses that might be made
of the same funds-research, development of new products, increased
inventory, improved tooling, and sales promotion. In small plants,
funds are often lacking for even the simplest and most modest mechanization. No matter how great the potential payoff, there always seems
to be some other place that offers even greater and more definite return.
Very often management does not know what is available, or how
to use it, or what can be done. It is a full-time job to keep up with
current developments in this rapidly growing field and to plan the
application of such devices to the individual company's operation.
Most managements simply have not had or huve,not taken the time
to study the new developments in the light of their own company's
needs.
Companies serving markets of low-volume, short-run, unpredictabledemand, and nonrepetitive operations are understandably cool toward
automation. It has already been pointed out that mechanization on
any appreciable scale is practicable only in mass-production operations. However, there is nothing sacred or necessarily desirable about
100 per cent automation. Like any good methods work, automation
should be carried only as far as the situation warrants. In some very
few situations, 100 per cent automation may be justified. In others,
the operation may be made only 50 per cent automatic or even 5 per
cent. The payoff is proportionately the same. It must be recognized
that there are opportunities for automation in every plant.
One of the reasons why automation has not progressed more rapidly
is that to obtain the full benefits requires more than just superimposing
automatic mechanisms on existing production operations. Many existing products are simply not suited to automation in their present form.
To redesign them of new materials and to re-equip the plant for their
production may require extensive investigation and a maj or capital
outlay, plus the scrapping of existing tooling and equipment. It may
also require a major sales effort to gain customer acceptance of a
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radically new product. These expenditures constitute a hurdle not
easily surmounted.
One of the greatest deterrents to automation is good, old-fashioned
management inertia, especially when profits. are substantial and competition is easy. Many companies do not think of new equipment
until difficulties arise with the old. A new way of doing things is always
suspect from the start for it involves changes which people make only
with reluctance. There is a natural human tendency in industry to
let well enough alone. A new process always brings uncertainties. I
have spent a major part of the last few years in :introducing a new
and modern process to industry and have some knowledge of the difficulty of gaining acceptance for a new idea. In 1953 our salesmen
were told, "Business is too good to change. Why upset things ? We
are making plenty of ·money. Why risk it?" In 1954 the same customers claimed, "Business is poor.We do not have the money, and
cannot afford to modernize." This attitude reminds one of the Arkansas traveler who was told there was no point in fixing the roof when
the sun was shining, and when it was raining, it was too wet up there
to fix it. Unfortunately, there is a great deal of that kind of thinking in business tou~ "
A friend of mine, a competent engineer and an excellent salesman,
attempted unsuccessfully last year to sell automation equipment to
industry in the San Francisdo Bay Area. Within a year he was forced
to give up. He likens his. customers to the farmer who would not
listen to the county agent's' advice because, as he said, "Why should
I take advice from him? Iain't farming half as good as I know how
already I"
This situation is one known and recognized by every manufacturer
of capital equipment. It is a most difficult job to introduce new and
improved equipment to industry. The public will demand and pay
for new gadgetry and emotional appeals on consumer products, but
the buying motives of the industrial purchaser of industrial equipment
are vastly different from those of the typical retail customer. Company
after company introducing products to industrial consumers who it
appeared "could not afford not to buy" have learned the hard way
that only a small, advanced segment of industry is really actively
interested in new processes, new equipment, and new materials. The
electronics people have perhaps more to learn here than those who
have been producing industrial equipment in the past, for they have
generally been selling to aggressive, alert buyers in a field of rapidly
advancing technology. 1Vhen they begin selling control or production
i

.
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equipment to industry as a whole, they will find the situation considerably different.
One manufacturer of automatic inspection equipment has adopted
a policy of attempting to sell an industry only when it is certain that
the equipment can cut present costs in half. Even then it takes, on
the average, a full year from the first call to the first sale. Another
firm developed and put on the market a new and highly flexible machine
tool capable of multiple simultaneous operations and rapid changeover from one job to another. Even in its own plant this company
has had great difficulty in getting production people to visualize and
make use of the new capabilities of the tool.
Labor has of course done its share to delay modernization through
general resistance to change, insistence upon maintenance of former
piece· rates, and opposition to the assignment of workers to more than .
one machine. It has been stated that the United Automotive Workers
is the controlling factor in the rate at which automation takes place in
the automotive industry. A West Coast manufacturer reports that it
has been forced to mount mUltiple tools on a common base in order
to obtain union permission to utilize idle operator time.
High income taxes and unrealistically low depreciation rates allowable under the Internal Revenue Code have also retarded plant improvement. Plant managers logically ask, "Why invite labor trouble
and tie up more capital when the Government takes away most of
the savings in taxes?'~
Another deterrent to modernization is archaic economic thinking. In
most companies it is ~asier to obtain funds to keep an old machine
working than to purchase a new unit, especially if the old machine has
a substantial undepreciated value on the books. Before automation
moves very far or very fast, businessmen must learn that book value
has little or nothing to do with whether or not a machine should be
replaced with a more modern machine. Obsolescence is a result of
technological change and is not affected by accounting procedures. The
question of whether or not a machine should be replaced by a more
modern unit depends upon comparative performance in the future and
not upon bookkeeping entries in the past.
Closely related to this type of thinking is the common hesitation
to make a large capital outlay in a field of rapidly developing technology for fear a new development will make the expenditure obsolete
before it can be written off. Rather than take this risk, some companies seem to prefer the purchase of an old standby model, tried and
true, which is already obsolete.
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These are some of the reasons why automation has moved slowly
in the past, and they will continue to retard it in the future. Manufacturers of industrial equipment must recognize these deterrents and
design and work around them. But there are powerful forces which
are working in the other directions as well, strong incentives to automation.
18.5

INCENTIVES TO AUTOMATION

We have already described some of the improvements being made
in automatic equipment. The machine-tool industry in general is
not noted for its great imagination or progressiveness. But the leaders
in the industry are becoming aware of the fact that the best way
to sell new tools is to obsolete the old ones. Electronic controls are
beginning to appear as significant improvements in industrial equipment. There are indications that competitive battle lines are forming
for a struggle between the electronics and the machine-tool industries,
a battle to determine which companies will build the new equipmentthe conventional-equipment manufacturers with the assistance of the
electronics people, or the electronic-control people themselves.
Increased competition is undoubtedly one of the greatest possible
stimulants to modernization. We are today at the threshold of what
appears to be the greatest capital boom in history. Widespread publicity on the benefits of automation has awakened management to the
opportunities it offers. A major portion of the current capital spending
is undoubtedly for automatic equipment. A leading manufacturer
of automatic equipment reports that in 1957 it will produce each month
twice as many units as were produced in the entire year 1947, and
that its 1957 dollar sales will be eighty times as great as its 1947 sales.
Factory sales of instruments for industrial control were reported to be
$3,000,000 in 1940, $65,000,000 in 1953, and are expected to reach
$150,000,000 by 1960.
The increased cost of labor is among the most important incentives
to automation. The higher labor pushes its wages and the less predictable labor becomes, the greater the likelihood of its replacement
by automatic mechanisms. The firm whose rapid growth was just
described reports that anticipated wage increases are one of the
most important factors in their sales forecast. The guaranteed annual wage, which labor claims is designed to help protect the worker
from technological unemployment, is much more likely to become
a major stimulant to automation. Labor has on the whole been rather
sensible in its approach to the problems created by automation. However, it has been completely "off-base" in linking the guaranteed an-
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nual wage to automation. Guaranteed employment can work only
toward the replacement of the workers by the machine. Traditionally
labor has been a variable cost; once labor costs are frozen by a
, guaranteed annual wage, labor thereby becomes a fixed cost in every
sense of the word, and the incentive to its replacement is thereby
increased.
Capital is more readily available for modernization than in the
past. A new pay-as-you-go financing plan which allows the borrower
to pay for new equipment with his depreciation allowance under the
new tax laws has recently been aimounced.Various other equipment
purchase plans attempting to gear payments to savings are available.
Equipment leasing permits modernization with very little capital investment and 'often with substantial tax savings. Steel Magazine appraises leasing as follows: "Equipment leasing is something like free
love-both have cost advantages over ownership or marriage; both
involve relationships that may be terminated fairly easily; both are
subject to legal difficulties not found in' the more conventional arrangements; both are probably more talked about than practiced."
The overwhelming incentive to automation is national defense. The
population of the NATO group of nations is outnumbered two to one
by the Soviet bloc, and only by increasing man-hour productivity can
this disparity be overcome. Defense production is typically largevolume, close-tolerance mass production, subject to manpower considerations and unrestricted by availability of capital-hence ideally
suited to automation.
18.6

APPRAISAL OF AUTOMATION

The decision of when and whether to automate and how far to go
in automation are primarily economic decisions. In some cases there
may be no feasible alternative-processes in which radioactive materials, excessive pressures and temperatures, and tolerances and volumes not practicably attainable without automation are involve~.
But in most cases the decision' to automate is based on the economic
yardstick of dollars and cents, investment versus payoff.
The full benefit of automation can be obtained only by the complete rethinking of the entire product and process-complete redesign, new materials, new equipment, new plant--as opposed to piecemeal automation. One of the best examples of this is the use of
printed circuits, automatic assembly, and dip soldering in the production of electronic equIpment., Even this is a transitional step, using
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available components that were designed for conventional assembly.
Hence it is only a foretaste of future electronic assembly.
Unfortunately, it appears that in most cases a complete conversion
to automatic production is both economically and technologically impracticable. In general, therefore, automation must be carried out
one operation, one process, one department at a time. A certain
amount of the go-slow, wait-and-see approach is desirable, for automation is a young science and-its most important developments are
still in the future. But at the -same time current progress must be
made. We cannot wait for perfection. There are profit-making opportunities in the present, and -competitive position may be lost if
we drag our feet.
It is not practicable to set forth a universally applicable approach
to automation, especially a program of piecemeal automation. But it
is possible to indicate the type of questions which management must
ask.
What do we expect to gain by automation? We do not automate
to be stylish. Are we looking for economy? Labor saving? Reduced
effort and fatigue? Safety? Freedom from labor troubles? Higher
quality? Uniformity? Reduced material consumption? Increased
production? Space savings? From such questions can be developed
a master plan to insure that so far as possible all changes are directed
toward a common integrated goal.
Where do we start? The criteria are the usual standards of industrial engineering-bottlenecks, operations offering the greatest cost
savings per dollar expended, or trouble spots (safety, skill requirements, fatigue, tolerances, etc.).
On each proposed change we must ask, "What will it cost?" What
can be recovered on old equipment? What indirect costs are involvedin engineering, product redesign, pilot line testing, market appraisal,
sales promotion, tooling, training, relocation of labor, and interrupted
production? Are adequate funds available? Are there better uses
for those funds, uses that promise a more· rapid or more certain
return?
What risks are involved? Are there labor difficulties? Is the
product ready for automation? Is the design thoroughly proved?
Are there technological uncertainties? What is the risk of product
obsolescence? Is the equipment convertible? What financial risks
are involved?
What is the anticipated volume? Are there market uncertainties?
What is the competitive situation? How long is the payoff period?
How do operating costs compare-for materials, labor, maintenance,
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power, space, overhead, spoilage, subsequent operations, and assembly?
Are the necessary operating and maintenance know-how and facilities
available?
What is gained (or lost) in terms of product value-attractiveness,
quality, utility, durability? Are there intangible benefits-morale,
safety, housekeeping, reduced supervision, competitive prestige?
There are many uncertainties, but we must be liberal in estimating
the potential savings. Usually the payoff is much faster than expected.
Rising material and labor costs have accelerated payoff in recent
years. The indirect and intangible benefits typically add up to substantially more than the direct savings. In an expanding economy,
a machine which was a substantial risk today may become an absolute
necessity tomorrow. New and unforeseen uses and benefits often
develop ..
Carl Braun, a strong advocate of plant and equipment modernization, has expressed the economy of good equipment by comparing
the benefits of a dynamic and progressive equipment policy with the
hidden penalties of niggardly equipment policy. For every dollar
saved by penny pinching on equipment, he estimated at least four
dollars were lost in productivity, maintenance, materials, and over..;.
head, with an even greater loss in intangibles.
We should ask ourselves such questions as "What is it worth to
cut rejects in half? To cut tolerances in half? To have the operation
paced consistently? What is greater safety worth? How much is
it worth to get three times the production from the same floor area?"
The first cost of automation is not important, and traditional ideals
of utilization are not important. The important question is ultimate
total unit cost.
Good automation does not cost; it pays. There is a challenge worth
thinking about in the current advertisement advocating modernization, "Old equipment may cost a company nothing-nothing but its
future."
Two very simple examples will serve to indicate the payoff of relatively simple automation. In the Berkeley plant of Magna Engineering Corporation a series of operations on the Shopsmith headstock
(drill 9 holes, ream 1 hole, ream and counterbore 1 hole, tap 4 holes)
were originally done on single-purpose tools-drill presses and tapping
machines fitted with quick-change chucks, tumble jigs, and special
fixtures. This tooling cost $5600 and machine time was 8 minutes per
headstock.
A special six-station rotary table indexing machine to perform these
operations was built Jor $12,150. The old equipment was sold for
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$4000, leaving a net cost of $8150. Now one operator loads, unloads,
and indexes the machine by pressing a button. Cycle time is 2 minutes
per headstock. Labor saving, including overhead, is 47 cents per
headstock. The equipment was completely amortized through labor
saving alone on the first 17,400 units or eight and a half month's
production. Thereafter annual savings have been $11,700. The new
machine eliminated the need for a second shift, reduced space, scrap,
and handling between machines, and produced a more uniformly machined headstock, thus improving product quality and facilitating
assembly.
In a permanent mold operation making aluminum tables for the
same product, two men were required to operate the mold, pour, pull
cores, open, remove the casting, close, return cores to position, and
lock. Only ten castings per hour could be made consistently. Under
the new method the mold was automated for operation by one man who
presses a button to start the automatic cycle. Output was increased
to fifteen per hour. Mechanization cost $2300 and paid for itself in
less than two months. Annual savings after payoff are $15,500, or
over 600 per cent on the original investment. Mechanization of this
operation reduced physical effort and decreased mold and core wear
substantially. Castings were better and of more uniform quality because the automatic cycle was not subject to the discretion of the
opera~or.

18.7

PROSPECTS FOR FUTURE AUTOMATION

What is the future of the automatic plant? We must try to be
logical and realistic in appraising the prospects for automation and
to avoid the temptation to overrate the possibilities. It is far easier
to be a poor engineer than a good engineer, to find reasons why it
cannot be done, rather than ways in which it can be done. We tend
to think in terms of products and markets as they are today and
find it difficult to see beyond to a greatly changed tomorrow. When
we look around at Western plants, we see many where the volume, the
type of product, the market, and the lack of finances make automation
of any magnitude completely impracticable in the immediate future.
For example, the president of a progressive company making highly
standardized fiberglass-reinforced plastic products stated recently,
"Why should we automate? Our labor is only 10 per cent of our costs.
Show us how automation will reduce our materials consumption and
we'll buy it."
On the other hand, when as a consumer we look at the articles we
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buy, we see many of them, such as pens, pencils, lamp bulbs, cigarettes,
gasoline, and paint, which are already produced by processes that are
almost completely automatic. We see others, such as hardware,
clothing, toys, plumbing fixtures, plastics, radios, and television-now
produced by semiautomatic processes-which offer great opportunities
for further automation. When we look at these we lose any fear
of overstating the possibilities.
Automation will not come overnight, for reasons we have already
set forth. There will be many plants which will never enj oy extensive
automation. Service and distributive industries do not lend themselves to automation. There will be many products which for various
reasons will continue to be made by nonautomatic methods. And yet
every plant will have some degree of automation, and we can expect
that the vast majority of things we eat, use, and wear will within
the next decade or so be made in plants where the only workers will
be primarily technicians and not producers.
The subject of this discussion is the economics of plant automation.
However, in making a general assessment of the economic prospects
for automation, we must stretch our thinking far beyond manufacturing alone. The punched card, which may someday run our machine
tools, has had its greatest development in the clerical field. In retailing, there is no reason why electronic equipment could not automatically record each sale, check the customer's credit, send out the
bill, post the new stock balance, reorder if necessary, and give management a continuous up-to-the-second accounting of all operations.
Transportation offers tremendous opportunities for automation. The
shortcomings of human control become critical with present-day air
traffic congestion and supersonic speeds. Automatic electronic controls are not subj ect to such shortcomings, and it is to be expected
that they will soon take over full control of aircraft in flight. The
same m~y be true of rail, ocean, and even highway transportation. In
freight yards, cars are today humped, braked, classified, and made
up into trains by electronic controls. Computers handle plane reservations in large cities. Commuters can buy tickets in a four-second
slot machine or may ride a moving sidewalk in railroad stations and
airports. Telephone communications are largely automa.ted today.
A push-button warehouse has recently been announced.
The possibilities in agriculture are likewise great. We have witnessed an impressive mechanization in agriculture in the last thirty
years. Many crops are already planted,. cultivated, and harvested
by machine. It is a rather simple step to automate these processes.
It has been predicted that chemicals alone will displace more than
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one-third of our farm workers in the next twenty years. A West
Coast electronic company has developed an electronic crop thinner
which automatically detects and removes unwanted plants, four rows
at a time.
The place of the small plant in a highly automated industrial society
deserves serious consideration, for it would appear at first thought
that the need for large capital investment and highly skilled management would of necessity lead to concentration of resources in large
operations. In some industries this may be true, but there will be
many others in which processes and equipment are simpler or demand
is more limited, where small but well-integrated operations can better
fill the need.. We have already pointed out that automatic equipment
need not .necessarily be expensive or inflexible. Some of the automatic equipment described earlier, such as. the Arma lathe, seem
ideally suited to small business and will for. the first time bring to
small plants and intermittent production the opportunity of automation.
Every major mechanized industry-petroleum, automobiles, appliances, etc.-has a plethora of small companies serving the large.
There will always be a need for small shops to install, service, and
tool automatic equipment for larger concerns and to design and build
special equipment. Small companies seem to thrive in a period of
technological advance, and many of the significant steps in the development of automation controls are being taken by relatively small
companies.
There will be local demands for foodstuffs, building materials, and
other commodities which must be met by small local concerns. There
will be situations where the imagination, vitality, flexibility, and lack
of tradition and inhibition in small plants will offer an advantage over
the rigidities and ponderous character of larger companies. In addition,
there will be the service industries, those c'atering to the leisure market,
and the distributive industries. On the whole, small business has
little to fear and much to gain by automation.
18.8

IMPACT ON MANAGEMENT

To me the' most exciting, the most challenging, and the least-explored aspect of automation is the impact of automation on management. We have already seen that not all plants will be automated
to the same degree. But whether' a plant becomes automated or not,
it will face new management problems as a result of automation. Nonautomated plants must compete for the consumer's dollar and for
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labor with more automated industries. Companies whose direct competitors become automated will be forced to do likewise or fall by the
wayside. And in companies where extensive automation takes place,
many new management problems will be created.
It is not possible to discuss all the types of management problems
that are likely to arise in non automated, partially automated, and fully
automated plants. Therefore, some of the new problems that will
be faced in the fully automated plant should be indicated. Each
company may interpolate its position and problems, depending upon
the degree to which automation may take place in its own industry.
The automatic plant will be relatively inflexible as to product and
volume. Early writers envisioned factories equipped with tapecontrolled automatons, replacing human workers and operating conventional general-purpose machines. It was suggested that if such
a plant were producing vacuum cleaners and a shutdown threatened
because of a shortage of electric motors, the plant could, with a little
retooling and reshuffling of equipment, be converted to the production
of motors until the shortage was remedied.
We have already discussed the flexibility of electronic control. Certainiy many highly automated plants will be much more flexible than
today's mechanized plants. Automation may even reach a rather
high level in certain types of job shops.
But we can hardly expect the automatic plant to be an assortment
of general-purpose automatic tools that can be changed over from
one operation to another simply by changing tapes. In most automatic
plants the special tooling-jigs, fixtures, dies-and single-purpose
machines, inevitably expensive and suited only to the production of
a single product, will severely limit the possibilities of change-over
from one product to another. And in terms of layout, balance between
operations, loading and unloading, and materials-handling equipment,
the truly automatic plant will be strongly wedded to the single product
for which it was originally designed. Thus design and product changes
will be costly and flexibility with respect to product will be distinctly
limited.
It appears likely that the automatic plant will also be relatively
inflexible in volume output. Automation equipment is expensive.
Because it is highly produ~tive and can readily be operated around the
clock, the output per dollar of investment may be very high and
fixed costs per unit of output may' be low. Nevertheless, fixed costs
will always be high relative to variable costs. Labor costs will be
fixed, because salaried maintenance, setup, engineering, and administrative personnel, in whom a large investment in training has been
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made, must be kept on the job as long as the plant is operating, regardless of the level of operations. And even materials cost will be
relatively fixed, because long-term commitments for materials will
be necessary to insure a continuous supply. The automatic plant
need not accommodate itself to the convenience of a large work force,
and competition will force it to operate around the clock. A plant
operating twenty-four hours a day cannot expand its output in the
event of an increase in demand; because of high fixed costs, it will be
uneconomical to reduce operations in the event of a decrease in sales
or price.
What does this mean for management? The function of long-range
planning and the companion functions of coordination and control
will be elevated to major importance. The automatic plant will require a highly sophisticated management-technically competent, decisive, capable of sound and realistic advance planning, able and willing
to take substantial corporate risks based on carefully appraised facts,
equipped with efficient administrative controls, and capable of better
than normal coordination. The overall company point of view, the
ability to coordinate operations as an integrated whole rather than as
functional divisions of sales, production, and finance, will be emphasized, and functional lines will become more and more blurred. Company men, not functional specialists, will be needed on all levels.
The new responsibilities of the production manager are obvious.
The automatic plant will be a highly integrated unit from incoming
raw materials to finished product-vulnerable at any point. Emphasis
will be on high utilization, with little time available for maintenance
activities. Preventive maintenance will be a must. The normal pattern of plant operation may be reversed, with maintenance, tool
changes, and service activities on the day shift and production operations on the night and swing shifts. Maintenance and standby personnel must be able to "double in brass," for the automatic plant must
avoid the risks of human whims and frailties.
Administrative breakdowns, such as material shortages or faulty
planning, will be as serious as mechanical breakdowns. A high premium will be placed on administrative competence, precise planning, effective control, and decisiveness. Relations with suppliers will take
on added importance. Control over operations must be immediate and
effective. Plant location will be less dependent on availability of
labor, and we may expect to witness a continued decentralization to
nonindustrial communities. Location need no longer cater to a pool
of labor but to the living desires of trained technicians. A new type
of engineer will be required, one whose training cuts across conventional

568

AUTOMATION IN BUSINESS AND INDUSTRY

lines-mechanical, hydraulic, electrical, and industrial-able to work
as a part of ateam, willing to take substantial responsibility, and able
to make quick, sound; on-the-spot decisions. The: production engineering function will also reach a new level. Methods study and
problems of utilization of the human operator will.tend to give way
to problems of machine design, process improvement, equipment utilization, and maintenance.
'
Strangely, it may be the sales department and, not the production
function which will carry the major responsibility for the success of
the automatic plant. 'The wheels will start to turn with the sales
forecast and the overall' operating plan-the responsibility of the top
planning group. But on the sales department will fall the responsibility
for developing and maintaining that market necessary to keep the
automatic plant operating at an economical level. Fllllautomation will
be practicable only in 'plants producing standard products in large
quantities. This constitutes another challenge to sales, 'gaining consumer acceptance of highly standardized products. In most cases
products will have to be entirely reconceived in terms of the function
they are to perform, and redesigned of new materials suited to automation. Once again this constitutes a burden on the sales department,
which must overcome the consumer's natural resistance to radically
new products. There are indications that seasonality of demand is
gradually disappearing' from the American business scene. This
change must be hastened, for the automatic plant cannot be turned on
and off with the seasons.
It is clear that the challenge to sales is as great as the challenge to
production, and the competence with which the sales department can
meet this challenge will determine to a large degree the success of
automation in many companies and industries.
.
Automation will also bring many new problems for the personnel
and industrial-relations group. It will be their responsibility to find,
train, develop, maintain,and motivate a skilled work force made up
primarily of technicians. Where will we locate such employees, what
job satisfactions can we offer? What incentives? How will we measure the performance of such a group? What will automation do to
the precious ingredient of leadership at the foreman level? What new
industrial-relations problems will a shorter work week or a six-hour
day bring? The problem of workers holdingjobs and seniority rights
in two plants is already a headache for management. A shorter work
week will aggravate the problem. Will labor actively resist automation? Will increased pressure for the guaranteed annual wage come
hand in hand with automation? What can be done to meet the prob-
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lems of displaced workers? What seniority and mobility problems

~ill arise?, What new issues must be bargained during the transition

period?
Automation will bring with ita tremendous increase in the bargaining
power of labor, both because the automatic plant cannot afford work
stoppages, and because as labor costs decrease as a percentage of total
costs, management's resistance to wage increases and fringe benefits
likewise softens. There is in this a real threat for non automated industries employing many men, for they cannot isolate themselves from
the wage patterns set in automatic plants.
There will also be new problems for the financial executive, who must
provide capital funds for these new facilities, give up the luxury of
variable costs, adapt budgetary and financial planning to an operation
dominated by fixed costs, and finance inventories through off-season
periods in plants that cannot afford to shut down or even to reduce
operations. The controllership function will continue to grow in importance. The trend to responsibility accounting by maj or cost centers
rather than by operations or job lots will be accelerated.
What effect will automatiol\ have on industrial research? Will the
investment in specialized production equipment and tooling "put a
damper on" product and process research? There is much evidence
that product change in some highly mechanized industries is seriously
restricted by sunk costs. But can any firm isolate itself from technological change in a competitive market without becoming highly
vulnerable to inroads by competitors or newcomers? In industries
where technology is volatile, companies will be forced to write off
equipment expenditures at a very high rate and include this fast writeoff in their deliberations on the economics of automation, in their
pricing, etc.
It seems clear that management responsibilities in all areas will be
complicated by automation, that the future will demand a much
higher level of management competence than required in today's competitive economy. There will be more decisions to be made, less time
to make them, and the consequence of ill-considered action will be
infinitely greater; Does this mean that today's harassed, overworked,
hypertensive, insomniac administrator will find himself completely
overcome by tomorrow's new and more exacting responsibilities? Must
we wait for the evolutionary process to produce a superrace of managers before the automatic plant becomes fully practicable?
Historically the advance of technology has been a balanced advance on many fronts, with developments in one area providing answers to problems created in others. It appears that the same inter-
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action may take place here as well-that automation itself may provide the solution to the dilemma of the increased management burden
it creates.
In the first place, when production is automated, operations are
converted from intermittent to automatic continuous production, and,
thereby, thousands and thousands of day-to-day middle-management
decisions, decisions on schedules, loading, work allocation, work
methods, etc., have been erased. The die is cast, the gears of the automatic plant of necessity mesh together, and there remains in essence
only the high-level decisions of how fast and how long they run.
Even emergency action must be largely preplanned in advance. This
is of course oversimplification, but the principle remains.
Secondly, managers of the automatic plant will have the assistance
of electronic data-processing equipment, first cousin to the controls
that will guide and control the production machines. These devices
will play an equally important part in the automatic plant. For computers, coupled with new techniques of statistics, operations research,
and linear programming, can help provide the answers that will help
management administer the delicately balanced operations of the
automatic plant. The potential use of computers in research, engineering, mathematics, and the sciences has been discussed. But has
the contribution they can make to sales planning and analysis, procurement, inventory, and quality control been considered? Future
business management can be greatly influenced by the availability
of continuous, up-to-the-second information on practically every phase
of the company's operation. No longer need we wait until tomorrow to
obtain today's operating figures, nor need we wait until next month to
determine this month's performance. In the automatic plant we cannot
afford to wait. At any instant the computer can provide a statement
of performance up to the second and, if desired, an extension to tomorrow, next month, or next year, compensated for seasonals, trends,
competition, and other factors.
Businessmen flatter themselves today when they talk of taking
"calculated risks." The phrase means only that we do not know
all the facts but have considered the risks and unknowns and attempted
to take them into account. Actually it adds up to a few incomplete
facts plus considerable old-fashioned hunch and judgment. Tomorrow
with the aid of the computer we shall really be able to calculate our
risks and carryon a planning and control job worthy of the name
enlightened management. There is a blessing here, but there is also
a risk. Management can have so much information that it may not
see the forest for the trees, may demand and try to use too much in-
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formation, and may lose sight of essentials in the mass of detail. Selfdiscipline, an orderly sense of value and importance, and a firm grasp
of the overall picture will be necessary.
18.9

SOCIAL IMPACT

There are other aspects to this matter of economics of automation.
Industry does not operate in a vacuum. It operates in an economic and
social environment which provides capital, materials, workers, and
markets, and which regulates industry's activities whenever those activities operate to the detriment of the community. Thus, business
must look not only to the impact of automation on its own internal
affairs but also to the impact of automation on society. Business has
very definite responsibilities to that society and must have answers
to the questions and problems that automation will create.
Almost automatically, when we think of technological change, we
think of unemployment. Some labor leaders have already resurrected
the bogeyman of technological unemployment. It has been cynically
suggested that displaced workers may even suffer the indignity of
receiving their severance checks from a computer. I am certain the
labor leaders know better. Their remarks are as stupid as the actions
of Belgian workers who threw their wooden shoes or "sabots" into textile machinery and gave birth to the word "sabotage." But t40ugh
these fears may be unfounded, they cannot be ignored. Management
must recognize and deal with them. Automation cannot be rammed
down labor's throat.
It certainly is true that in many cases the primary objective of
automation is the elimination of labor. But will automation lead to
widespread unemployment? Certainly not in the long run. Technology has always created more jobs than it has destroyed and has
made possible a continually expanding economy which has absorbed
more than it has displaced. But these hit-and-run conversationalists
confuse the facts further with dramatic remarks such as, "We are not
interested in the long run; we live in the short run; in the long run
we'll all be dead."
We may be sure that labor will play automation for all it is worth
at the bargaining table and in public debate. Those who wish to have
a free hand in automating their own plants, who wish to develQp and
sell automation equipment must make it clear to all that automation
is a great potential blessing which promises tremendous benefits for
all mankind, for the worker and the consumer much more than for
capital. Management must emphasize the promise of increased leisure,
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reduced prices, and improved standard of living, greater employment
security, an economy of abundance, and the importance of automation
in defense. It must be pointed out that technology does not eliminate
jobs, it creates them; that a major strike in the automobile industry,
for example, would put more people out of work than automation
ever will.
Automation will not and cannot come as a tidal wave. It will develop at a disappointingly slow pace, one job, one department at a
time. The techniques of automation are still only partially developed.
Automation of even a minor segment of a plant requires much planning,
product redesign, consultation with equipment producers, coordination with sales, construction, installation, debugging, etc. No existing plant will automate overnight. And new plants do not destroy
jobs; they create new ones. There will be time for readjustment, time
to find new jobs, time for retraining (a responsibility of labor as well
as management)., and opportunities for normal turnover to absorb
displacement.
Automation of clerical work may well be much more rapid than
automation of industrial jobs, for the number of office workers has
grown 60 per cent in the last ten years. l\1anagement has an insatiable
desire for information-if it is accurate, timely, and can be obtained
at low cost. Data-processing equipment can provide such information
and, may actually expand rather than contract Clerical employment,
just as mechanization expanded employment in the automobile industry. Furthermore, office work is in an area of high natural turnover, and a large displacement can be readily absorbed.
The total impact of automation on industry may be large in dollars
and cents, but in terms of industry as a whole it will be rather small,
at least in the immediate future. It has been estimated that less than
8 per cent of the work force is employed in industries \ where automation is technologically or economically practicable in the foreseeable
future, and these industries are already largely mechanized.
Even when installed and working, automation will not eliminate all
jobs in any plant. Phrases such as "the workerless factory," "machines
without men," are figures of speech, figments of overstimulated imagination. It is estimated that for every ten workers replaced by automation, one good maintenance man must be added. Even in the
automatic plant there will be many workers, technicians, setup men,
programmers, tool makers, maintenance men, supervisors, and, systems
engineers. Our industries that have attained the highest degree of
automation-automobiles, appliances, rubber, steel, etc.-are also
among our largest employers. It is perhaps significant, certainly it
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should be reassuring to labor, that some of the old-time glass blowers,
displaced by modern high-speed automatic bottle-making equipment,
are today operating these same automatic machines and are of course
earning much higher wages.
Labor has clearly stated its objective of a thirty-hour week. If
they are successful, any possible decrease in the number of jobs will
be spread among the work force as a whole. Furthermore a new
leisure market will be created, a market for home furnishings, gardening equipment, sporting goods, entertainment, and travel, creating
maj or expansion in these industries.
All these factors are minor when measured in terms of our rapidly
expanding economy. Automation means a better product at lower
cost. In this country that combination has always meant greatly increased sales. When Walter Ruether was facetiously asked how he
expected to collect dues from automatic machines in a new automobile
plant, he reportedly replied with the question how management expected to sell automobiles to them. Industry will not install automatic
equipment unless it knows it can sell the product. One of the characteristics which distinguishes American management from management anywhere else in the world is its aggressive, imaginative, hardhitting ability to sell.
All facets of our economy promise a tremendously expanded demand
in the future-our universal desire for an improved standard of living,
the increasingly large portion of our population represented by nonworking, elderly people, the tidal wave of youth bursting the seams
of our school systems, ,the defense program, and our commitments
abroad. It has been estimated that just to maintain our present rising
standard of living we must increase our productivity 50 per cent during
the next ten years. In other words, we must step up our annual increase
in productivity from its traditional 2~ per cent to 5 per cent. This
hardly bespeaks widespread unemployment! Only through rather extensive automation can such a demand be met.
We cannot deny that some temporary unemployment will be created.
We are living in a period of change, and this is one of the prices we
pay for the benefits that change brings. Management must do its share
to cushion the impact of automation, and if it wishes to avoid undue
labor or government restrictions on its right to automate, it will make
certain that automation is accomplished with the least possible
disruption.
There is another aspect of automation with perhaps even greater
importance, one of which management should make the most in its
effort to gain recognition of the benefits that automation promises.
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Too little attention has been given to· the contribution automation
can make to a fuller, richer life. Clearly it can bring a higher standard
of living and increased leisure. But it can also increase job satisfaction by replacing monotonous, dull jobs with challenging, meaningful .assignments. Mass production has been criticized for degrading the worker, for replacing skilled craftsmen with machine
tenders. Norbert Wiener in his book The Human Use of Human
Beings has commented, "It is degradation to a human being to hitch
him to a plow and use him as a source of power. But it is an even
greater degradation to assign him to a repetitive task in a factory
which requires less than a millionth of his brain power."
It has also been said that "unskilled work is a mistake in engineering," that the most easily automated jobs are the repetitive, unskilled
jobs. Automation could lead to "the human use of human beings."
It could replace large numbers of unskilled workers on drab, monotonous jobs with highly trained technicians on challenging, responsible
assignments of keeping the fabulous machines running. Thus the
new technology may cure the evils of the old technology. In this
sense, automation may be a reversal rather than an extension of the
first industrial revolution.
This raises other pertinent questions to which management must
find answers. We cannot deny that there will be some down-grading
of labor whenever better jobs do not open or when workers cannot be
trained for greater responsibility. What happens to those who are
replaced and have neither the training nor the aptitude for higherlevel work? Henry Ford I is reputed to have said that a whole stratum
of humanity is unfit for anything but repetitive assembly line work.
Even if Ford were right, there would be many semiskilled and unskilled jobs in nonautomatic industries.
The other side of the coin is equally unknown and perhaps more
important to management. Will we be able to find the skilled technicians to supervise, service, tool, and maintain this highly complex
equipment and adapt it to changing product demands? One large
manufacturing company reportedly estimates that when its operations
are automated it will have to step up its hiring of college graduates
from 300 per year to 7000 per year 1We already have a severe shortage
of technical skill in industry. Certainly one of the great frontiers
of psychology lies in improving our methods of determining human
potentials. Thus far we have only scratched the surface. The experience of the military in selecting and training for highly technical
jobs indicates that industry has a long way to go in this regard.
What will be the effect of automation on the business cycle? Will
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it reduce or aggravate the fluctuations in our economy? The evidence
seems to indicate that automation will bring increased stability. It
must bring stability, for the automatic plant cannot survive in a
fluctuating economy. As we have seen, there will be few variable
costs in the automatic plant and hence little incentive or opportunity
to vary production in response to fluctuations of the market. Of
course such cutbacks as may occur will be less likely to initiate a
chain reaction of reduced purchasing power, for there will be few
workers laid off. But the economic inflexibility of the automatic plant
will necessitate investment and operating commitments which cannot
be turned on or off in response to changing markets. We can today see
evidence of the contribution that long-range business planning can
make to a stable economy. Aided by the computer, we shall develop
a level of planning skill and business predictability completely unattainable today. This all leads to the promise of an employment
security much greater than that offered by unemployment compensation, make-work projects, guaranteed annual wage, or similar devices.
There has been much talk about the contribution automation can
make to higher living standards and increased leisure. This presents
business management and society with a question of real challenge.
Will we have the intelligence, the character, and the incentive to use
our added leisure and other benefits constructively, in ways that benefit and enrich rather than degrade and weaken? History teaches a
sobering lesson: The more we have of creature comforts, the more we
try to defend and protect what we have and the less we tend to
pioneer and risk and innovate and strive for the ideals that led to our
past great accomplishments.

19. The

Future

of

AutoDlation
DEAN 1:. WOOLDRIDGE
The Ramo-Wooldridge Corporation
Los Angeles, California

19.1

GENERAL PREDICTIONS

In a general way, it is not difficult to predict the future of automation.
Ultimately, a maj or portion of the processing of data that now occupies the routine attention of many thousands of people will be accomplished automatically. Similarly, a large fraction of the routine
repetitive activities of factory workers will be done by the use of the
new automation techniques. Direct results of this spreading industrial
revolution will certainly include a large increase in our national productivity. Indirect results will include the appearance of new products
whose design and production are for the first time made economical
because of automation. Hundreds of thousands of people will be
employed by the companies engaged in the various ramifications of
automation, with annual sales reckoned in billions of dollars.
Such predictions are easy to make, and they are certain to be true.
Today the handwriting on the wall is so clear and unmistakable that
it allows for no misinterpretation so far as the ultimate future of
automation is concerned. What this handwriting on the wall does
not spell out so clearly, however, is how long it will be before this
bright future of automation is actually realized. Will. most of American industry be well on its way to realizing the benefits that can
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arise out of automation techniques ten years from now, or will it be
twenty years before the full effect is felt?
Certainly we will all agree that predicting the time scale for the
development of a new technological or scientific trend is a different
kind of business from predicting what the trend may ultimately lead
to. Weare all familiar with the concept of the dispensability of individuals in the development of new ideas. We know from history
that when a field develops to a point where it is in effect ripe for new
ideas and techniques to come out of it, frequently the new ideas and
techniques appear to be discovered, almost simultaneously, by entirely
unrelated workers in the field. However, from the perspective of the
historian, the almost simultaneous discovery of some new idea may
mean only that the two independent discoverers thought of the same
thing within an interval of ten years or so. Although this interval
is often insignificant when history is being written a few hundred
years later, it can be of great concern to the participants in the making
of history. We can be certain that if Einstein had not turned up
with the theory of relativity, including the energy-mass equivalence,
when he did, someone else would have developed an approximately
similar theory before now, but it is quite possible that there might
have been a delay of a dozen years in the process. An incidental result of such delay, if it had occurred, could have' been that the atom
bomb would not yet have been invented. Although this might or
might not prove significant to the historian who writes up the activities of these times two hundred years hence, it may be that, from
the narrow points of view that motivate most of us, such a time lag
would be not at all insignificant.
And so it may be with the field of automation. Although the ultimate
results are predictable, the rapidity with which we approach those
results are likely to be materially affected by the activities, the decisions, the mistakes, and the successes of individuals, groups, and
companies that are today in the field. If they choose improper methods
of approach to the very great problems that, exist in this field, it could
well mean a delay of fifteen to twenty years before a given level of
automation effectiveness is reached.
There mayor may not be general agreement on this philosophy, but
as long as this remains just philosophy, it is not likely to be very useful in helping us plan our course for the' future. What we must do to
turn this theorizing into useful channels is to see if we have any way
of differentiating between approaches to automation that will lead to
rapid progress and approaches that will result in delaying the attainment of the desired goals.
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This, then, is my objective-it is not to discuss the future of automation as such, but rather it is to explore whether there are any general methods of approach that can be taken by individuals and organizations in the field that will promote the growth of automation
more effec~ively than other methods of approach.
19.2

CHARACTERISTICS OF AUTOMATION SYSTEMS

We should note that the most effective performance in the development of a new field is usually exhibited by those who best employ
lessons learned from past activities of a similar character. Therefore,
let us start by inquiring whether there is any field similar to automation for which a past' history of development exists from which we
might hope to learn some useful lessons. What do we mean by a similar
field? What are the distinctive characteristics of automation? It
is apparent that one important feature of the field is that it is based
upon the development and use of very complex equipment which,
although not entirely electronic, is nevertheless centered upon electronic devices and electronic techniques. A second vital aspect of
automation is that the equipment is rarely, if ever, an end-item in
itself, such as a radio or an automobile, but usually appears as a
tool or component that is integrated into a complex system involving
men, machines, methods, and procedures-all organized to perform
some basica!ly nontechnical operation.
19.3

SIMILARITY OF MILITARY ELECTRONICS AND·
AUTOMATION SYSTEMS

Is there any field having similar characteristics that has already
undergone extensive development? Indeed, there is one-it is the
field of military electronics. There, too, the equipment, although by
no means entirely electronic, is based upon electronic apparatus and
electronic techniques. Like automation systems, military electronic
systems are exceedingly complex. In fact, many of the specific techniques and apparatus components being used today in automation
were developed in military electronic activities. Not only with respect
to the nature and complexity of equipment, but also with respect to
the type of operations in which it is used, there exists a great similarity
between military electronics and automation apparatus. In each instance, the complex equipment must be operated by basically nontechnical people to perform as a part of a very intricate and extensive
system of human organization, machines, methods, and procedures, to
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accomplish an overall result. In each case, the design of the equipment is intimately associated with and affected by the surrounding
complex of men and procedures.
Let us analyze the lessons that have been learned in recent years
in the development of military electronic systems, often at great
expense. Automation may well be in the unique position, for a
new field, of being able to draw on a reservoir of immediate past
experience comprising the activities of thousands of people and the
expenditure of billions of dollars.
19.4

MILITARY ELECTRONICS

Let us therefore now direct our attention to military electronics and
how it has grown since the beginning of World War II. There were,
of course, many applications of electronics in the last war. However,
it is well known that the area of greatest electronics activity, and
therefore of greatest long-range influence on the field of electronics,
was that of radar. Project activities were carried out in a number
of universities, and a great many industrial organizations quickly put
large crews to work to develop the techniques that ultimately led
to modern radar. And this equipment was, of course, used quite extensively by all branches of the Armed Services-on the ground,
on the sea, and in the air. As we all know now, it proved to be
sufficiently useful that it played, if not a key part, at least an important part in a wide range of military activities. Therefore, radar
would appear to be a good subject to study in looking for lessons
learned in military electronics that might be applicable to automation.
As a vehicle for developing the points of interest, let us consider
the field of airborne radar. The first airborne applications of radar
were in bomber planes to provide the navigator with means for obtaining position fixes at night or above the overcast. There were
also early applications of radar equipment to night fighter aircraft
to make it possible for the pilot of an interceptor plane to locate an
enemy bomber at night and to approach close enough to have a
chance of seeing the bomber plane outlined against the night sky,
thereby permitting a gunfire attack.
19.4.1

The Black-Box Approach

Once radar equipment had been put into aircraft to facilitate navigation to the general vicinity of the target, it was natural that someone should propose a combination of radar with bombsight or fire
control equipment to permit actual blind attacks to be made against
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.enemy targets, rather than just the accomplishment of navigation to
the vicinity of the target. The military organizations approached this
matter in what was to them a normal way. They employed the
black-box method. For each weapons project, they assigned to a
suitable officer and staff of the military organization the systems
management responsibility. In turn, this military project team made
arrangements for a suitable contractor to provide what was to them
simply a black box-a radar designed to be suitable for use with the
bombsight or fire control equipment currently in use by the service
in question. The theory was that the radar equipment would be delivered, designed to military specifications supplied by the customer,
into the hands of the military project organization, and would then
be combined with the usual bombsight or fire control computer, installed in the necessary airplanes, and connected together by military
people to provide the hoped-for capacity for all-weather operations.
But the black-box theory did not work. It was not that the radar
equipment did not arrive more or less on schedule, for it did. Also,
the size and shape of the black box worked out pretty well so that it
fitted together physically with the computer. Furthermore, the plugs
and interconnecting cables" "required to hook the two pieces of apparatus together mated pretty well. The only trouble was that, when
put together, the radar and computing equipment generally interacted upon one another in obscure ways that had not been anticipated.
There were a number of reasons for this. As only one example, there
were important differences in the character of the target data supplied by a tracking radar and the target data supplied by optical
tracking, with which bombsights and fire control computers had
previously been used. The angular accuracy with which early radar
equipment determined the position of a target was somewhat less
than the accuracy with which a human observer could set cross errors
on a visual telescope image of the target. This, of course, surprised
no one. However, what was not so well anticipated was a set of
subtle effects on the performance of computers that arose out of the
"jitter" or random variation in target data, owing to the basic characteristics of radar. These properties of the radar data in some instances rendered completely inoperable computers that had performed
very satisfactorily in their past optical applications. In other instances, the computers worked, but with a disappointingly low level
of accuracy and effectiveness. Such matters as these are well understood now, but in the early days of military electronics they often
came as dramatic and disheartening surprises to the military project
people who sometimes abruptly discovered that in practice their
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hoped-for superior, advanced weapon operated in a very disappointing
fashion.
19.4.2

Systems Integration

But our military people are not, and were not then, slow to learn.
Therefore, it did not take them long to recognize that their basic
mistake had been a failure to appreciate the fact that a radar bombsight is not obtained by adding a radar black box and a bombsight
black box but rather must arise out of a single integrated development in which the design of the radar is intimately affected by the
bombsight into which it is to work, and the design of the bombsight
is strongly characteristic of the radar that is to supply it with data.
In other words, a highly technical systems integration activity was
required that had been missing..in'theearly attempts by the military
to provide themselves with advanced weapons systems. The solution
. to the problem required that the well-meaning, but technically unprepared, military proj ect people get out of the coordinating business
and assign to technical people the overall responsibility for the design
of a single, integrated radar-computer combination. Here were the
ingredients for an interesting industrial competition. Which type
of organization was to be given systems responsibility-the computer
company or the radar company?
At this stage, early in the last war, computers for military application were primarily mechanical in nature, were designed by people
trained largely as mechanical engineers and mechanical designers,
and were built by companies specializing in mechanical work. The
newer radar techniques, however, were electronic in character, and
the participants in the development of these new techniques were
physicists and communication engineers. It might have been thought
that there would ensue a long and possibly even bitter tug of war between the mechanical and the electrical groups for supremacy. Therefore, it was particUlarly interesting, and certainly of significance for
the future of automation, that almost before the lines of battle could
be drawn, the competition was over, with the-physicists and electrical
engineers left in clear, undisputed possession of the field. As is usually
true of such decisive engagements, there was a very good reason for
the one-sidedness of the victory. It arose out of the fact that, in this
country at least, the educational training and subsequent professional
experience of physicists and communication electrical engineers is
much richer in scientific fundamentals than is the training given to
mechanical engineers. As a result, electrical engineers and physicists
are better suited to the solution of new types of previously unen-
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countered problems than are mechanical engineers. This is particularly true of those physicists and electrical engineers who have had
graduate training from our better institutions. It came much more
naturally to these people to deal concurrently with the combination of
radar and computer problems. Hence, no competition; the newer crop
of electronics people took over systems responsibility.
It was in this way that most electronics people obtained their early
indoctrination in the field of computing in the 1940-1945 era. In the
process, not only did they learn to be ingenious in· the invention of
techniques by means of which electrical components could be caused
to perform mathematical operations, but also, working with mechanical
engineers as part of the team, they learned to understand the mechanical techniques that had been employed for this purpose in the past
and to take them over and use them in conjunction with electrical
techniques whenever the mechanical techniques were superior. To
some extent, therefore, they ultimately absorbed what might have been
their competition.
The impression should not be given that the companies that prior
to the last war had been successfully engaged in the development and
manufacture of mechanical computers for military applications all
folded up and went out of business. In general, this did not occur.
Frequently the established organizations saw the handwriting on the
wall and began to add to their technical staffs considerable numbers of
physicists and electrically trained men. It is a tribute to the management of these organizations that some of them were sufficiently fast
on their feet to emerge after the war in a position almost as strong
in the now electronically dominated field of weapons systems as the
position they had held earlier on the basis of superior mechanical design
competence.
To illustrate the point, for one military application the government
let contracts for the development of a certain kind of airborne computer to two different companies, one traditionally known as a mechanical company, the other as an electronics organization. Both companies developed .satisfactory computers performing roughly the same
functions in the same types 6f airplanes. Both companies were given
production contracts against which considerable numbers of computers
were delivered and ultimately installed in military aircraft. When a
comparison of the two kinds of equipment was made, it was discovered
that the computers built by the electronics firm contained more gears
than the computers built by the mechanical firm, and the computers
built by the mechanicaL firm contained more vacuum tubes than those
supplied by the electronics organization. The real point of the story
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is that, by this time, teams of physicists and electronics and mechanical
engineers were in control of the systems development activities in both
companies.
But the addition of a computer to a radar was only the beginning
of a trend toward a general broadening of the scope of the technical
assignments given to the designers of military electronic equipment.
Another early step in this broadening process, in the instance of the
bomber, was to employ the output of the computer to manipulate the
control surface of the aircraft and thereby fly it automatically on a
correct bombing course, rather than simply to display to the pilot steering instructions, as had been done in the past. In the instance of the
interceptor plane used to attack enemy bombers, the analogous development was to use the output of the fire control computer to steer
the plane on a proper gunfire attack against the enemy bomber. This
type of problem led electronic engineers into such areas as the aerodynamic response characteristics of aircraft and the dynamics of flight.
And so, as time went on, the trend in military electronics was to assign.
to the electronics organization more and more responsibility for the
design or at least the integration of the growing numbers of increasingly complex equipment subsystems that were required to work together to produce some desired operational result.
19.4.3

Weapons Systems Concept

Along with the trend toward the broadening of the responsibility
of the electronics development organization to cover other technical
areas not previously associated with electronics, a concurrent trend
developed toward expanding the responsibilities into nontechnical areas.
Just as technical considerations led to the necessity of treating the
radar and the computer that went with it as a single piece of equipment rather than as two separable black boxes, so, as the technical
responsibility of the electronics development organization expanded
to include entire weapons subsystems, such as radar navigating and
bombing equipment or interceptor fire control apparatus, it was also
necessary that the organization become more deeply involved in military operational considerations of a basically nontechnical nature.
It is important to understand how far this trend toward broadening
responsibility has progressed in the field of military electronics. To
illustrate, let me give some examples of problems that must be dealt
with today by the members of a team charged with the responsibility
of developing an electronics system for use in interceptor aircraft to
assist in the shooting down of enemy bombers. Such problems include
the following:
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(1) How many bombing planes are likely to come in at one time?
At what altitude? What kind of maneuvers will they perform? What
countermaneuvers will be required of the interceptor for successful
attack? Such matters as these can have a major bearing on the electronic computer designer's choice of the type of attack trajectory
that is to be specified for use by the interceptor plane.
(2) What kinds of manipUlations can the occupant of a supersonic
aircraft really perform? One of the worst mistakes the designer of
equipment can make is to impose upon the occupant of an aircraft
operations he cannot really accomplish successfully, particularly under
the stress of battle.
(3) How long does it ~ake the pilot of a defending interceptor to
get into his position in the plane, take it off, and get to altitude .once
an alarm has come in? This determines the time available for target
kill and influences the choice of trajectory of attack to be designed
into the computers.
(4) What will be the numbers and the training of the maintenance
men the customer will be able to provide under battle conditions for
keeping the electronic equipment operating? Equipment that may
exhibit unusually high performance when maintained by men with
doctorates in physics or engineering may in practice be quite inferior
to simpler equipment of much lower ultimate performance if the maintenance staff is to consist of one high-school graduate. .
And so it is that an almost indefinitely long list could be provided
to illustrate the extent to which organizations today, successfully engaged in military electronic systems development, have been required
to broaden their scope, first to include a wider variety of technical
assignments than used to be considered appropriate for electronics
organizations, and then to accept the responsibility for a wide range
of concurrent, nontechnical matters. This development of the military
weapons systems concept, important as it is, is not very widely understood today. Oddly enough, although this development has come about
as the direct consequence of World War II, the principal strides made
by the military in establishing suitable organizational and contractual
arrangements for handling their difficult weapons systems problems
have been made since the end of the last war. It is no accident whatever that the really giant strides in the applications of the newer
electronic techniques to the science of warfare have also been made
since the war and have been almost invariably associated with projects
in which organizations, primarily electronic in character, have been
given strong positions of systems leadership. .
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Summary

All this recent history may be summarized in the conclusion that
the key to success in military electronics has been established to be
the employment of a proper systems approach in the development work.
The basic difference between improper and proper systems approaches
has been illustrated as follows:
(1) The black-box approach to military systems is the improper
approach and does not work. In this approach the customer attempts
to specify to outside contractors the characteristics of equipment subsystems that it is hoped can be brought together with other subsystems
by the customer to perform some overall operational function. In the
complex weapons systems of today, this approach does not work because of the almost "inevitable existence of a wide range of subtle,
technical interactions among the various subsystems. As a result, the
nontechnical military customer does not have an adequate degree of
scientific or engineering competence to perform the systems integration
function.
(2) The proper approach, which does work, is to assign systems responsibility for the design and integration of the various subsystems
required to compose a complete operating weapon system to a single
group of competent, versatile scientists and engineers, including physicists and electronics engineers, because of the superior training these
men receive in the fundamentals of science and in the solution of new
problems. Proper exercise of the systems management responsibility
results in the development by such groups of an unusual ability to deal
concurrently and quantitatively with a variety of nontechnical operations, as well as technical matters. This is the way in which a new
and advanced system, which may employ the most complex equipment
and technical methods, can best be made to fulfill the actual objectives
of the development, which are generally operational or nontechnical in
basic character.
To summarize, our government, in the last few years, has supported
a gigantic experiment, costing hundreds of millions of dollars and
involving many thousands of man-years of effort, testing these two
approaches to weapons systems development. It would be tactless, of
course, to enumerate the inefficiencies and failures that have characterized the first approach, and to show in detail how the outstandingly
successful programs have always been characterized by the second
approach. However, the record exists and is incapable of misinterpretation. In the military systems field, one approach is poor, the
other is good!

AUTOMATION .IN BUSINESS AND INDUSTRY

586
19.5

CARRY-OVER FROM MILITARY ELECTRONICS TO
AUTOMATION IN BUSINESS AND INDUSTRY

In showing the unsuitability of the black-box approach, examples
from airborne bombing and fire control were used to illustrate one of
the kinds of interaction problems that so frequently arise. Attention
was called to the very extensive, and at one time unsuspected, ramifications in the design of the computer equipment that are required because
the statistically fluctuating character of radar data is so different from
the character of optical data for which computers had formerly been
designed. There is a good analogy to this kind of problem in the field
of automation.
An excellent example is in the area of factory production control.
It has to do with a problem to which automation experts sometimes
address themselves-that of devising a combination of methods and
electronic calculating equipment to derive machine-loading information
that will permit the scheduling and use of the various machines in the
shop so as to obtain the maximum utilization of men and machines
compatible with meeting customer delivery dates. As all who have
had occasion to tackle this problem know, optimum machine loading
is by no means easy to obtain in a factory that makes a wide variety
of items. However, any set of methods and equipment devised for
"automating" the scheduling and assignment of machines must use
various types of input data related to the availability of inventory
supplies, the number, types, and delivery dates of customers' orders,
and the like. Usually, some of this material is provided by the tabulating department of the company. This tabular information comes in
the form of lists, reports, and summaries of various types, derived
from inventory or customer order data.
The black-box approach as applied here would be one in which company management would stipulate to the group engaged to develop
automation methods of machine scheduling a scope of responsibility
that did not include the source and accuracy of the tabulating data,
on the theory that this is a separate problem to be dealt with, if at all,
by others. This can be recognized as similar to the black-box approach
described in connection with the development of radar for combination
with computing equipment to solve bombing and fire control problems.
Just as in the military case, with such an approac~ to machine utilization, automation in a factory is likely to run into serious difficulties,
and for much the same reason as that which lay behind the problems
of the black-box approach to radar-computer combinations. Here is
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the trouble-or here at least is one kind of trouble that can arise. The
tabulating data bearing upon such matters as the number of items in
stock, purchase orders to be filled, and the like, are frequently based
upon counts and checks that have been made considerably in advance
of the time the final data arrived in the hands of production control
for machine-scheduling use. It is not at all uncommon in a big factory
to find that some types of tabulating data, by the time they reach
the production-control people; are so badly out of date as to be quite
unsuited for certain kinds of control purposes. How serious such inaccuracies may be depends entirely upon the use to which the data
are put. Frequently factory people work out their own practical solution of this problem by trial and error methods that ultimately result
in control procedures which, consciously or unconsciously, place a minimum of dependence on the large time-lag data. Under such circumstances, the introduction of an entirely new set of methods and procedures accompanied by sophisticated electronic equipment for bringing
automation into the machine-loading problem might result in such a
different use of the tabulating data that time-lag effects which previously gave no trouble would cause the new system to fail completely
to meet its objective.
There is an interesting similarity between the weakness of the blackbox approach in factory production control and the weakness of the
black-box approach in a radar-computer combination. In each case,
problems arise out of the unsuspected existence of certain inaccuracies
in the basic input data. In the radar-computer combination, the inaccuracy stems from the characteristics of tracking radar. In the factory example just used, inaccuracies arose out of the methods of collection and processing of the tabular data. The conclusion is the same
in both cases: it is risky to design a black box that is to be used as
a portion of a larger, complex system of machinery and proceaures,
unless the design of the black box is accompanied and governed by a
thoroughgoing analysis of the entire system within which the black
box is to function. In other words, the black-box approach is as unsuited to the needs of automation development as it is t.o military
weapons systems.
The apparent simplicity of this conclusion should not be allowed
to conceal its very practical implications. For example, this principle
asserts that rapid, efficient progress toward factory automation will
not result from the narrow approach of developing automatic equipment to convey material from one machine to another unless the design
of the material-handling equipment is associated with an analysis that
shows it to be compatible with the requirements of the newer machines
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and methods of fabrication that may shortly be:required as a result
of an overall systems approach to the entire problem of the automatic
production line.
As another example, rapid progress is not' likely to result from a
program to develop equipment and methods that will permit a factory
to maintain its inventory at the lowest possible level, unless this work
is integrated into a well thought-out program that takes proper account
of the other closely related factors, such as machine utilization and
delays in customer deliveries.
There is an unspecified implication in the examples just advanced
to establish the unsuitability of the black-box approach. As in the
military experiences, it has been assumed that the customer himself
is unable to do the systems integration task and thereby properly
supervise and control the work of the development team. Is this a
sound general implication? That conclusion was reached in the military situation because of the technical complexities that were mixed
up with the operational problems. In most cases the business and
industrial customer is equally unsuited to these' very analytical and
technical tasks, if by the customer we mean the operational people
within the company in question for whose use the automation methods
and equipments are designed. More specifically, the man who has
grown up as an operating expert in the field of production control in
a large and modern factory is not likely to be equipped to determine
the combination of procedures and electronic techniques that should
be used to bring to his factory the fruits of automation. The field is
much too technical and too complicated for that. The production
control expert of the factory he is associated with, unfortunately, needs
also to be one of the world's best-informed men with respect to the
characteristics of modern electronics computing and data-handling
equipment and methods. This he is not likely to be or to become.
Just as in the case of military electronics, it is necessary for some one
person or some one small group to encompass both the operational and
the technical factors involved. Experience purchased by our government at the cost of many millions of dollars has shown that the approach that works is to give the systems design .~responsibility to the
technical man and be patient while he learns what he needs to know
of operational nontechnical matters. The other approach is rarely
successful in fields such as military electronics or automation where the
scientific and technical content is so very high.
The factory expert must, of course, work closely with the automation expert. If the problem in question is the design of a new dataprocessing system for automation of the production control functions
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of the factory, the factory experts should not be shoved aside and
ignored by the team of physicists and engineers who set to work to
devise a new system. This would lead to exactly the same kind of'
useless result as would be secured in a military systems development
if the technical team were to ignore the military operational people
in choosing their technical method of approach to the development of
the military system. Although the customer must not himself attempt
to perform the highly complex systems design job involving technical
and operational factors, it is, of course, the customer who must supply
to the scientific systems team the basic operational data that serves
to define the problem. And if the scientifically dominated systems
development team is really to be effective, its key members must have
a breadth that makes it possible for them to talk to production control
experts and develop an adequate understanding of their problems.
Each automation systems development project, just like each military
weapons systems development project, requires the establishment of
extensive and detailed communication between the basically technical
proj ect team and the basically nontechnical operational people. Military experience has shown that such interrelations can be successfully
established, and that basically technical organizations can develop
project teams that, although scientifically dominated, demonstrate
great aptitude for absorbing and properly integrating the operational
problems into their considerations. The factory expert should. have
something to say about the development of a new production control
system; but the factory man must consider himself to be primarily
a source of input data to the project team, and he must recognize that
as long as the field of automation involves as much technical complexity
as it surely will for the next ten years, the people who do the constructive and inventive work will not be production control experts but
instead must be men trained as scientists and development engineers.
And so, with abundant use of analogies from military experience
these are the principal points of this discussion-the importance of' a
properly integrated systems approach to the automation of business
and industry, and the key role that must be played by scientifically
dominated teams in the control and management of such systems development projects.
These points have been emphasized heavily because they are vital
in the future of automation, and also because it is not at all clear today
that business and industry are aware either of their importance or of
the great pertinence of the military electronics experience. There are
many examples today in the business and industrial approach to automation of the employment of methods that have been more than amply
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tested, unsuccessfully, in weapons systems work. If this approach
becomes prevalent in the automation activities of the next few years,
then American progress in achieving the benefits of automation will
be markedly slower than it needs to be. Certainly a ten-year difference
in the achievement of a high level of automation can easily be the
result if these matters are not properly understood and attended to by
business and industry.
However, let us not view the future with alarm. In fact, there are
some trends today which, if properly nourished and extended, could
result in an adequate level of systems competence in the development
of automation during the next few years. The rest of this chapter
will be devoted to an appraisal of these trends.
19.6

APPRAISAL OF SYSTEMS APPROACH

If my arguments to this point have been convincing, then we should
all be agreed that rapid development of automation requires that the
solution of each factory control or data-processing problem in business
or industrial establishments be governed by the results of a systems
analysis treating all company operations capable of exerting a major
influence on the choice of methods, procedures, and equipment best
suited for the solution of the problem under attack. Furthermore, we
should also be agreed that the extensive technical content of such systems work requires that it be accomplished by teams dominated by
professionally trained scientists and development engineers, who, however, have also acquired a capacity to deal effectively with concurrent
nontechnical operational matters. ,Now these conclusions appear to
specify pretty completely the manner in which any company interested
in the introduction of automation into its operations must go about
accomplishing such a result. The procedure indicated is for the company to give a systems development contract to some organization
with a high content of scientific and development engineering competence, and with an established record of performance in the design
and development of electronic systems. If such arrangements are supplemented by the establishment of a proper degree of intimacy .between
the systems development group and appropriate operational people
within the customer company, favorable conditions should exist for the
ultimate determination of a combination of methods, procedures, and
apparatus to bring to the customer the maximum quantity and quality
of practical automation consistent with the state of the art.
However, there is a difficulty sometimes associated with the implementation of this approach to automation. This difficulty arises out
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of the fact that the thoroughgoing scientific systems analysis and
equipment design procedures upon which the approach is based can
frequently be a very expensive undertaking. The proper solution of
a maj or systems development problem may well require a technical
team of a hundred or more people working for two or more years. The
price tag for such a program may run to several millions of dollars.
So, although the procedure described is undoubtedly the proper approach for General Motors to take in bringing automation into its
production lines, or for the Bank of America to employ in the development of mechanized data-processing procedures-where the size of the
business and the ultimate benefits arising out of a properly designed
system will recover many times over the cost of the development effort
-such an approach may be out of the question for small or mediumsize businesses. Not only do we not want to ignore small or mediumsize businesses, but as a practical matter automation certainly will not
really have arrived until it is suitable for this scale of industrial
activity.
Certainly there is a practical answer to this problem. To develop
it, we must start with the observation that there are two different ways
in which a systems team can go at the problem of developing a combination of methods, procedures, and equipment for the solution of
an operational problem. The method already discussed is one in which
the development team undertakes to design new equipment to accomplish the required purposes. In this type of program, the development
team usually limits itself to the employment of electronic and mechanical components, vacuum tubes, servo motors, semiconductor devices, memory elements, and the like, that are currently available,
but attempts to devise ways of combining these components in circuits
and electromechanical arrangements that may result in devices and
subsystems quite different from any that have appeared before. When
this kind of invention and design process is carried out with proper
regard for the nontechnical operational obj ectives of the program, the
most effective results are obtained. It is this kind of work that the
maj or business and industrial establishments should support in order
to obtain the maximum benefits from automation.
19.7

BUILDING-BLOCK APPROACH TO AUTOMATION

There is, however, another approach to the same kind of problem
that can be employed by the systems development team. In this
approach, the team ,limits itself to the employment of complete devices
or subsystems that are currently available, rather than to the employ-
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ment of electrical and mechanical components currently available. For
this kind of approach, the "building blocks" with which the development team works, instead of being transistors, vacuum tubes, motors,
potentiometers, and the like, are electrical printers, arithmetic and
control units, card readers, magnetic-tape files, and the like-assuming
that units with such titles are currently available for purchase or
lease from industrial suppliers. The "building blocks" with which the
development team works are numerous and elemental, in the one instance, and few and complex in the other. However, the analytical
and logical problems involved in the design of a suitable system of automation for a business or industrial establishment are much the same
in the two instances, although physically the results might appear to
be quite different, because in the first case new and extensive apparatus
results, whereas in the second case the output of the systems approach
is a combination of existing pieces of hardware.
Now, obviously, the first method of approach to an automation
problem is a mor'e flexible one and allows the development of equipment and procedures that are more precisely suited to the needs of
the business or industrial establishment under study. In fact, the
second method of approach is not practical at all until there has been
enough development of the first type to provide on the market a suitably wide range of devices and sUbsystems of adequate flexibility to
permit combinaton in various patterns to perform a variety of automation tasks. Ultimately, however, it is to be expected that this second
condition will exist as more and more organizations get in the business
and a wider and wider range of automation problems achieve solution.
Should a banking institution, for example, sponsor the development
of automation for its own uses, it is quite likely that some of the resulting methods and equipment would be at least partially applicable to
the activities of other banks enough smaller to be unable to sponsor
the pioneering work themselves, but large enough to have similar operational problems. Since American industry never works in such a way
as to exclude for very long the participation by smaller members of
an industry in the advanced developments of their larger colleagues,
we may safely expect that ultimately the pioneering work done by
the large organizations will extend benefits in this way to other members of the same industry. This process will undoubtedly be helped
along by the companies that design and manufacture the equipment.
Their own interests, of course, will be best served if they can Ultimately
obtain a wide market for their products. Therefore, whenever they can
do so without compromising the automation system that they are initially employed to develop for the major customer, they will choose
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methods of packaging the subsystems that go into their final system,
and of standardizing the methods and procedures in different forms to
meet the approximately similar requirements of other customers.
And so we can expect to find, as time goes on, that there will be
developed a number of basic lines of automation, each line composed
of equipment and methods and procedures in combinations that will
make it possible to handle the automation problems of a class of business and industrial customers. It is not possible today to predict with
any certainty how wide a range of customers may ultimately be served
by any of these major lines of automation. Perhaps there will be a
set of machinery, methods, and procedures that will be applicable only
to the banking business, another set of machinery, methods, and equipment applicable only to the insurance business, another for department
stores, another for automobile factories, and the like. Of course, companies in the automation business will prefer and will continue to work
toward lines of equipment at least, if not methods and procedures,
that can be employed across the board by all business and industrial
establishments. Undoubtedly the final result will lie somewhere between these two extremes. There will be certain kinds of machinery
that are applicable to a variety of data-processing and factory automation problems wherever they arise. There will be other types of
machinery that will be more highly specialized to one industry. The
same will be true of the methods and procedures that in each instance
must work intimately with the machinery in order to accomplish the
overall operational result.
But, whatever the final pattern, it is clear that the growth of this
complex of methods and machines must stem from the large-scale
systems study and equipment development programs, sponsored by
major establishments, that will determine the basic character of the
available equipment subsystems and methods. Solution of the automation problems of a large number of smaller customers will then
follow, guided by the second kind of systems development approach,
in which the design materials employed by the development scientists
and engineers will consist of the available subsystems, rather than
elemental electrical and mechanical components.
From the point of view of the smaller business and industrial establishment, this means of extending the applications of automation equipment is of great economic importance. The controlling factor is that
by all odds the major part of the development expense is associated
with the actual invention, testing, and reduction to practical form of
the design of the devices and subsystems that make up the final equipment. The approach that employs existing equipment, therefore, al-
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though depending just as much on a high quality of scientific systems
analysis, is much less costly and, if the problem under investigation is
fairly similar to other problems for which major and expensive hardware development programs have been accomplished, then it is not
unlikely that'there will already exist devices and subsystems that can
be combined to give a fairly satisfactory solution to the automation
problem of the smaller business or industrial establishment.
19.8

OPERATIONS RESEARCH IN AUTOMATION

Finally, it may be interesting to note that the second kind of system
development activity, although essentially not very different from the
first kind, goes by an entirely different name. The term that has come
to be applied to this kind of work is "operations research." More generally, operations research is a term used to describe the activities of
scientifically trained teams who undertake the assignment of analyzing
broad areas of operation of business or industrial establishments, to
determine procedures and methods of making decisions that are most
effectively geared to the basic objectives of the business. When, as is
so frequently the case nowadays, the scope of assignment of the operations research team includes consideration of the possible employment
of the newer techniques of automation to improve the efficiency of the
enterprise, then the operations research assignment is indistinguishable
from the integrated systems development operation, except that such
an assignment is usually of the second type, where the team does not
design new apparatus but instead limits itself to designing combinations
of available equipment that can best meet the needs of the business in
question.
It is no accident that operations research activities are beginning to
appear and grow rapidly in various establishments throughout the
country at about the same time that development of automation equipment is really getting under way. In each instance the principal work
is being done by scientists and engineers who have learned their trade
during and since the war in military electronic systems activities of
one form or another. Some of these men have gone to organizations
where they can use the detailed knowledge of electronic and electromechanical techniques, which they acquired while working on weapons
systems, in the development of new kinds of automation apparatus.
The others have made their way to operations research groups, where
they find a direct carry-over to the business and industrial world of
the analytical methods and the systems approach that they found so
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productive in military work. The rapid development of automation
requires and will make use of both types of activity. As time goes on,
we shall see a great expansion in the scientific and engineering staffs
of the companies that engage in the development of the equipment
of automation. In the companies that are successful, we shall also see
an increasing dependence upon thoroughgoing systems analysis of the
problems of major business and industrial establishments as the basis
for equipment design. Concurrent with these developments, we shall
see a rapid increase in the numbers and quality of operations research
teams throughout the country, which, as time goes on, will carry a
larger and larger fraction of the load of bringing to smaller business
and industry in particular the combinations of methods, procedures,
and equipment that will bring about the benefits of automation in the
most economical and efficient manner. In each type of activity, principal dependence will be placed upon teams of scientists and development engineers, led by men who, in addition to superior professional
attainments, will exhibit unusual breadth and capacity for comprehending and dealing simultaneously with nontechnical as well as technical problems.
19.9

CONCLUSIONS

The reason for this emphasis on the systems point of view is that
experience has shown there is a certain subtlety about it that is likely
to be overlooked. There is an illusory sense of simplicity about systems
development work. There is something very logical and appealing
about the idea of assigning to the production control organization of
a factory the responsibility for working out and specifying the kind
of automation equipment and techniques that should be employed to
improve the efficiency of the production control operations. There was,
of course, a similarly incorrect sense of fitness to the early military
decision to assign to bombing and navigation experts the responsibility
for working out and specifying the kind of equipment and procedures
needed for the performance of improved bombing and navigation functions. The significance of the military electronics experience and
its direct applicability to the field of automation are not generally
appreciated by most businessmen. As a result, there is a great danger
that business and industry will repeat a large fraction of the mistakes
that have by now led many of our military people to a considerably
more sophisticated and informed approach to maj or systems problems
than characterizes the approach of many business and industrial executives.
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If business and industry comprehend well and early enough the
basic facts of automation, these trends will be supported and strengthened with the result that the national ability to move rapidly ahead in
the field of automation will grow, and the bright new industrial revolution just now starting will bring major benefits in new products and
in increased national output of old products within the next eight to
ten years.
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NORC, 283
N uc1ear magnetic resonance, 450
Number systems, binary, 27, 189, 256
binary-coded decimal, 27, 256
hexadecimal, 189
modified binary, 256, 263
octal, 189
Numerical control of machines, 494,
523, 554; see also Digital control of
machine tools
Nyquist, H., 47
Nyquist stability criterion, 47, 57, 60
Oak Ridge National Laboratory, 282
Obsolescence, 558
Octal number system", 189
Oerlikon Tool & Arms Corporation, 271
Off-line equipment, 275
Office automation, 306
On-line equipment, 291
Open-loop control, 42, 48, 71, 437
Operational amplifier, 153
Operations research, 3, 25, 225, 594
Operator chart, 98
Optical grating, digital measurement,
505
ORACLE, 282
Orifice meter, 425
Parity bit, 282
Peripheral equipment, 275
Philbrick Associates, 133
Phillips, W. E., 427
Photoelectric reader, analog-to-digital
conversion, 263
curve follower, 165
punched-tape reader, 288
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Photoelectric reader, tracing, 79
Photographic storage, 283, 297
Pitch, aircraft, 337, 345
Pitot tube, 349
Plant process control, see Process control systems
Plastic magnetic tape, 282
Pneumatic devices, 103, 120, 439
amplifiers, 105, 119
computing relays, 440
controllers, 426, 439, 442
narrow-span instruments, 440
sine wave generators, 435
Pompeo, D. J., 450
Position measurement, 504, 506
Potentiometer, 140, 154, 161
Potter Instrument Company, 258, 271
Praktische Grosszahlforschung, 109
Pressure processes, 422, 423
Print reader, 284
Printed circuits, 371
etching, 373, 377
silk screening, 376
sprayed, 384
Printed page, 283
Printer, 282, '291,294,296
analog plotting, 296
Charactron tube, 298
Dataprinter, 296
gang,289
IBM cathode-ray tube, 297
line, 289, 295
nonmechanical, 296
plugboard control, 294
speed, 291, 295
type wheel, 295
Xerography, 298
Process control systems, 14, 23, 113, 421
accounting loop, 116
. basic control loop, 117
batch, 421, 531
cascade, 428
characteristics, 23, 422
computer, 128, 432
continuous, 42, 421, 531
continuous analyzers, 447
coordinated, 429
customer acceptance, 114
dutu logging, 268, 445

INDEX
Process control systems, dynamic characteristics, 341, 434
electronic, 442
frequency response, 435
graphic panels, 444
management, 116, 433
multiple-element, 431
quality control, 451
servo techniques, 434
single variable, 425
supervisory, 431
time constants of variables, 422
see also Feedback control system
Process control systems applicl1tions,
cracking furnace, 436
electronic controllers, 443
flow, 425
fractionating column, 427, 429
furnace, 428
servo techniques, 434
steam boiler, 430
Process industries, 419, 420
Process variables, 422
definitive, 447
interdependence, 427
product properties, 424
Product composition, 424
Product design, 363, 535
Product quality, 451
Production control, 586
Productivity, 520, 549
Profiling, 77
Programming, electronic data processing, 182, 228, 317, 323, 331
frogramming, process control, 446
data logging, 446
digital control of machines, 510, 513
electronic-equipment productio~, 404,
412
plant control, 128
Proportional controller, 122, 127
electrical, 126
electronic, 442
force balance, 123
stroke-compensated, 124
Prudential Insurance Company, 303
Pseudo codes, 248
Pulse generator, 261, 509

INDEX
Punched card, 279
card-to-tape converters, 282, 292
code, 281
. punches, 291
readers, 291
tape-to-card converters, 282
Punched-card applications, 312, 403,
407, 411
Punched-card equipment, 29, 214, 235
Punched paper tape, 227, 279, 283, 288,
508,523
Quality analyzers, see Continuous analyzers
Quality control, 114, 536
component insertion, 391
electronic assemblies, 395, 406, 411
electronic components, 368
statistical methods, 111
Quarter-square multiplication method,
159
Radar, airborne, 579
Radio Television Manufacturers Association, see RETMA
Rate gyro, 344
Rand Corporation, 297
Random access files, 221
Random phenomena, 16
RCA-BIZMAC, 298
RCA-Victor Corporation, 298
Rea, J. B., Company, 271
Real-time computation, 137, 138, 175
Record playback control, 80
Recorders, 166, 297
analog computer analysis, 166, 175
x-y, 110, 296
Recording, see Magnetic tape recording
Recording media, 279, 283
Reeves Instrument Corporation, 133
Regulation, 84, 459, 469
Relay, amplifiers, 143
electrohydraulic, 102
electronic, 121
fluid, 119
pneumatic-hydraulic, 105
Relays, 164, 196, 526
protective, 476, 484
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Reliability, digital computer systems
and electronic data processing, 186,
243,246
input-output equipment, 277
Remington Rand, 223, 407, 551
Rensselaer Poly technique Institute, 21
Resolvers, 142, 160
RETMA, 364, 368
Reuther, Walter, 551, 573
Rockford Army Ordnance, 541
Root locus method, 38, 47, 61, 67, 355
Routh, E. J., 47
Routh's stability criterion, 47
Routine, 182, 186
Russia, 552, 560
Sabotage, origin, 571
Safety shutdown, 431
Sales, 558, 568
Sampled data systems, 54
Sampling rate, analog-to-digital converters, 254, 264
Sampling system, continuous analyzers,
451
dead time, 452
Sargrove, John A., 368, 550
Sargrove automatic machine, 383
Scanning system, 106
computer control, 129
Schmidt circuit, 193
Scientific computation, 220, 224
linear programming, 223, 249
matrix inversion, 222
partial differential equations, 222
simulation, 223
trajectory, 217
Scientific computers, see Electronic
data processing
Scientific instruments, 91
SEAC, 276, 278, 285
Self-regulation, 552
Sensing elements, see Measurement
Servomechanisms, 53, 67, 507
computing, 142, 155
digital cont.rol, 503
division, 156
error, 507
flight control, 343
function generator, 162
magnetic tape drive, 290
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Servomechanisms, multiplication, 142,
155
process control, 434
punch press, 521
transient error, 508
Shepard Laboratories, 295
printer, 291
Shopsmith, 562
Sideslip angle, 335, 348
Sideslip stability augmenter, 356
Signode Steel Strapping Company, 517
Silk screening, 376
Simulation, 141, 144, 484
genera tor, 489
high-speed relays, 484
nonlinearities, 144
time delay, 141
submarine trainer, 134
systems design, 38
wind tunnel drive, 491
Single-variable control, 425
Small business and industry, 565, 592
Small-lot production, 399, 513, 553
Smith, A. 0., 550
Social implications, 4, 571
Sorting, 235, 238
Special-purpose computers, 138
Spectrometers, 448
Speed, digital computers, 186
digital recording, 283
electronic data processing, 218
flight control, 337, 349
regulator, 459
Speed control, log carriage drive, 479
steel mill, 459
Sperry Rand, 226, 287, 290, 292, 295,
see also UNIV AC
SSEC computer, 278
Stability, see Feedback control system
stability
Standards, electronic industry, 364
Stanford Research Institute, 369
Statistical instruments, 111
Statistical phenomena, 16
Steam boiler, 430
Steel Magazine, 560
Steel mill control, 83, 86, 459, 468
Steinmetz, C. P., 5
Storage, see Digital computer storage
Straight-line coding, 229

INDEX
Streeter-Amet Corporation, 262, 271
Stroke-compensated controller, 124
Submarine simulator, 134
Subroutine, 186
Subsonic flight, 338
Subsystems, 37, 593
Supersonic flight, 340
Supervisory control, 431
Sylvania Electric Products, 369, 530
Synthesis, control system, 71
transfer functions, 151, 169
Systems and procedures, 246
Systems design, 37, 73
analog computers, 468, 471
industrial controls, 458
manufacturing, 561
military, 583
subsystems, 37, 593
Systems engineering, 3, 12, 37, 363, 545,
581,590
electronic-equipment assembly, 370
flight control, 354
weapons systems, 583
Tabulating equipment, 29, 214, 312
Taller & Cooper, 262, 271
Taylor, Frederick W., 549
Technology, 9, 12, 42, 113
Telecomputing Corporation, 259, 271
Teledeltos paper, 296
Telemeter Magnetics, 288
Teletype Corporation, 227, 277
equipment, 276, 277, 278, 279, 285, 288
reader and punch, 291
Television assembly, 364
Temperature processes, 422, 423, 428
Terminology, 25
Thevenin equivalent circuit, 487
Thomas autometer, 451
Time constants of process, 422, 436
Time delay simulation, 14"1
Tin plating, 473
Tinkertoy project, 369, 409, 538
Tracer controls, 76
Trainer, submarine, 134
Trajectory solutions, 144, 147,217
Transducers, see Translators
Transfer function, 49, 457
autopilot, 169
closed loop, 50
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Transfer function, control elements, 53
cracking furnace, 436
generator and exciter, 473
open loop, 49
regulator and exciter, 489
stability, 57
synthesis, 151, 153, 169
Transfer machine, 518, 550
Transient response,67
Floyd's method, 68
hysteresis, 466
Transmission lags, 440
Translator chart, 93
Translators, 89
Transonic speeds, 340
Transportation, 564
Transportation lag, 422
Tullahoma wind tunnel, 490
Two-time scale computer, 128
Ultraviolet analyzers, 449
Unemployment, 571
Unit record, 283, 308; see also Master
record
United Automotive Workers, 558
United Shoe Machinery Company, 369,
389
United States Air Force, B-36, 362
F-86, 362
United States Armed Forces, 361, 579
United States Bureau of Census, 280
United States Navy, Bureau of Aeronautics, 409
Bureau of Ships, 394
United States Signal Corps, 399
UNIVAC I, 223, 226, 277, 286, 551
UNIVAC II, 226
UNIVAC high-speed printer, 295
UNIVAC LARC, 287, 291, 298
UNIVAC printer, 291
UNIVAC Scientific 1103, 286, 288, 290,
291,298
UNIVAC Scientific 1103A, 291
UNIVAC tape verifier, 292, 293
UN IV AC Uniprinter, 292

UNIVAC Uniservo, 290, 291
UNIVAC Unityper, 292
University of California, 287
University of Pennsylvania, 217
Utili ty billing, 323
Variables, 30, 45, 341
definitive, 447
operational, 422
product, 424
Veeder-Root counter, 258
Velocity, aircraft, 337, 349
control of digitally controlled machines, 502
Vertical gyro, 346
Victor Adding Machine Company, 271
Viscometer, 452
Viscosity, 422
Voltage regulator, 469, 489
Wall Street Journal, 551
Warehousing, 318, 527
Watt, James, 34
Western Union, 296
'Westinghouse Electric Company, 467,
550
Wheelabrator, 516
Whirlwind I Computer, 297
Wiedemann Machine Company, 521
Wiener, Norbert, 4, 25, 34, 574
Williams storage tube, 202
Wind tunnel, 490
Word, 181
fixed and variable length, 182
World War II, 34, 103, 333, 552, 579,
584
Wright Air Development Center, 369
Wright brothers, 333
Xerography, 298
X-y recorders, 110
line printers, 296
cathode-ray tube, 297
Yaw, 337, 343
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By RiCHARD G. CANNING, Pm·tner, Canning, Si.rson alld A.rsociates. "This
book makes a strong plea for a properly done and timely systems engineering
approach in the 'hope that people will be guided to the efficient use of
electronics. It presents some very easily understood examples of what electronics can dt, and foHows in succeeding chapters with a sW11lnary of E.D.P.
machines; pn g ramming of clerical operations; the systems study; the electronic system; the role of operations research; equipment characteristics; and
management's program for obtaining a reliable system.
" .. . this is recommended reading for (1) those who want an idea of what
electronics is about, (2) top management, (3) those engaged in a survey,
and ( 4 ) the equipment manufacturers. " - Cost and Management.
332 pages.

1956.

By HOWARD S. LEVIN, Ebasco Serv ices, Inc. A simple, quick review of
how automation changes raw material into knowledge useful to management.
" ... an introductory text that does the job exceed ingly well. Perhaps it is
Mr. Levin's mathematics background that g ives his writing such clarity, such
logical organization. The book shows evidence of though-ful, detailed outlining. Even the format of the contents reveals the kind of logical structure
upon which every good teacher builds his subject matter. The book is divided
into five parts: New tools for the office, A common language, Electrons for
the office, The Businessman and the scientist, and A changing office." Data Processing Digest.
203 pages.

1956.

By C. W EST CHURCHMAN, RUSSELL L. ACKOFF, and E. LEONARD
ARNOFF, all of the Case Institute of Technology. This new book answers
a growing need in the many areas that are affected by operations research
today. It fulfills two major objectives: it gives prospective consumers of
operations research a sound basis for evaluating O.R. and for understanding
its potentialities; and it provides future practitioners with a survey of . the
field and a basis upon which they can plan their further training.
Written by fourteen experts in the field, the book emphasizes the scientific
ap proach to research. It stresses the importance of defining managernent
problems in terms of objectives. Cogent discussions are given of inventory,
linear programming, waiting line, replacement, and competi tive and other
mathematica l models useful in operations research.
645 page s.

1957.
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