















































































































































































































































The EDSAC Computer

M. V. WILKES

HE invitation to speak to this con-

ference about the EDSAC was par-
ticularly welcome to me because the
foundations of my knowledge of elec-
tronic computers were laid during a visit
to Philadelphia in the summer of 1946
when I attended part of a course at the
Moore School of Electrical Engineering.
I began to sketch out the design for the
EDSAC in Philadelphia immediately
after the course, and when I got back to
Cambridge I was joined by Mr. Renwick
and experimental work was started. Most
of the important design decisions were
taken in the first half of 1947 and the
machine did its first calculation in the
summer of 1949. I would like you, there-
fore, when listening to what I have to say
about the design of the EDSAC, to cast
your minds back to the conditions exist-
ing in 1947 and to the state of develop-
ment of the subject at that time.

The EDSAC is a purely binary, serial,
electronic computing machine with an
ultrasonic store. It uses 5-hole tele-
printer tape, read by a photoelectric tape
reader, for input, and a similar tape, or
direct printing on a teleprinter, for out-
put. The EDSAC works with a single
address order code. It has about 3,000
tubes in all, including diodes.

The EDSAC

The store of the EDSAC was designed
to have a capacity of 1,024 storage loca-
tions, each capable of holding a number
with 16 binary digits plus a sign digit, but
until recently only about half this capac-
ity has been available. It is possible for
the programmer to combine any two
storage locations (provided that the first
has an even serial number) to form a long
storage location capable of holding a
number of 34 binary digits plus a sign
digit (equivalent to about 10 decimals).
This is done by making one of the digits in
the order of 1 instead of a 0. An order
contains 17 binary digits and will there-
fore go into a single (short) storage loca-
tion.

If the designer of a computing machine
using a single address code does not pro-
vide some system of this kind he finds
himself in difficulties over the choice of a
fundamental word-length. If he chooses
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it to suit orders (which only require about
16 or 17 binary digits), he forces the pro-
grammer to make frequent use of double
length arithmetic in order to secure ade-
quate computing accuracy, whereas, if he
makes it considerably greater, then the
words are longer than is necessary for
orders, and inefficient use of the store re-
sults. Most designers, therefore, choose
a word-length of some 35-40 binary digits,
and build some means into the machine
whereby two orders may be stored in the
space of a single word. The system of
short and long storage locations used in
the EDSAC has the advantage that the
short storage locations provided are avail-
able for short numbers as well as for
orders. The arrangement has worked
out very conveniently in practice and it is
a feature I would be in favor of retaining
in future machines.

The fundamental input operation in the
EDSAC, that is, the operation called for
by a single input order, is to read the next
row of holes on the tape and to place the
resulting 5-digit binary number in the
store. This system differs from that used
in some other machines, in which the
basic input operation is to read ten or
more rows of holes at a time. Our system
has the advantage that the rows of holes
on the tape are not divided up into arbi-
trary groups but can be used as the pro-
grammer thinks fit. It also makes the
construction of a subroutine for convert-
ing numbers from decimal to binary form
very simple. The decimal digits are
punched as separate rows of holes and
taken into the store one by ome. The
arithmetical operations necessary for con-
verting the number to binary form are
performed between the reading of the
stccessive rows of holes, using the same
group of orders each time. There is no
need to punch nomsignificant zeros as
there would often be if a fixed number of
rows of holes on the tape corresponded to
a single word inside the machine; for ex-
ample, if the programmer has a sequence
of 7-decimal numbers to put into the
machine, it is not necessary, provided he
uses an appropriate input subroutine, for
him to punch zeros before the seven digits
in order to make the number up to (say)
10. If he has a set of numbers of varying
lengths to put in, he can use a subroutine
designed to read numbers of any number
of digits (up to0.10), the end of the number

being indicated by a special symbol, say
a + or — sign, punched at the end.

Input of Orders

1 can further illustrate the flexible na-
ture of the input system by describing the
way in which orders are punched. First
there is a letter indicating the function of
the order, for example, A for add, S for
subtract, et cetera. This is followed by
the address in decimal form, nonsignifi-
cant zeros being omitted (for example, 51
not 0051). Finally there is a code letter
which can indicate one of a number of
things. The code letter “F’’ indicates
that the address refers to a short storage
location, while the code letter “D” in-
dicates that it refers to a long storage
location. Other code letters indicate that
the address has to be modified by having
a number held in a certain storage location
added to it before the completed order is
placed in its final location in the store.
This facility is very useful in that it en-
ables the programmer to make .use of
systems of relative numbering. The proc-
ess of reading orders punched in the way
just described is carried out by the ma-
chine under the control of a special sub-
routine known as the “‘initial input rou-
tine”” which is permanently wired into the
machine on a set of rotary switches and is
placed automatically in the store when the
starting button is pressed.

The input system of the EDSAC en-
ables the programmer to write his orders
in a form which is more adapted to his
purpose than the binary form in which
they exist in the store of the machine.
It thus helps to avoid difficulties which
would otherwise occur because of the con-
flicting requirements of the programmers
and the engineers. Note that these ad-
vantages are obtained by building the
machine with a specially simple input
system, namely one which reads a single
row of holes from the tape at a time. An
input system in which groups of holes were
read in one input operation would not
only be more complicated mechanically,
but it would be less convenient in prac-
tice.

The arithmetical orders provided in the
EDSAC cover the operations of addition,
subtraction, multiplication, and shifting
of the number in the accumulator to the
right or left. The accumulator holds 70
binary digits plus a sign digit and the re-
sult of a sequence of any number of addi-
tions, subtractions, and multiplications
can be formed in the accumulator pro-
vided, of course, that an overflow does not
occur. Products also can be subtracted
from the number in the accumulator. A
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separate order is provided for placing a
number in the multiplier register where it
remains until it is replaced by another
number. A separate round-off order is
provided which adds a 1 into the 35th
binary place of the accumulator. Itisnot
convenient to combine the round-off order
with multiplication in a machine which
allows unrestricted accumulation of prod-
ucts in the accumulator, since round-ofi is
only required if the number is to be trans-
ferred to the store immediately after the
multiplication. It would have been pos-
sible to combine the round-off order with
the order which transfers a number to the
store, but since there are two such orders
(one which clears the accumulator and
one which does not) this would have in-
volved the provision of two extra orders.
The provision of a separate round-off
order was more convenient from the engi-
neering point of view and there is some-
thing to be said for it from the program-
ming angle, since round-off is an import-
ant operation in numerical analysis and is
quite worthy of the dignity of a special
order. Whether, however, we would
adopt the same system in another machine
would depend on circumstances.

No divider is built into the EDSAC
and division is performed by means of a
subroutine. The decision not to build a
divider was taken in order to simplify the
structure of the machine. 1 cannot say
that we have found the omission any
great inconvenience but I think that we
would probably include a divider in an-
other machine.

Checking Devices

There are now no built-in checking de-
vices in the EDSAC. Itis left to the pro-
grammer to devise such checks as he
thinks necessary. Until recently there
was one checking device which enabled
the programmer to check the operation of
the printer. This was an order (known as
the F-order) which caused the 5-digit
number which had been passed to the
teleprinter by the last output order to he
read back into the store. This order was
used in output subroutines in conjunction
with a sequence of orders which verified
that the number read back was correct.
The provision of the F-order made the
output system twice as complicated as it
would otherwise have been, and twice as
many faults in this part of the machine
were, therefore, to be expected. In fact,
we got rather more than this, since in
order to make it possible to read numbers
back from the teleprinter it was necessary
to fit a set of five contacts in a somewhat
confined space, and these were inclined to
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Figure 1. Serv-
iceability chart
for the EDSAC

H = HOURS IN USE
h = HOURS UNDER REPAIR

MAR. JUN.
1950

give trouble. The F-order has now been
removed and a logical system of checking
substituted. This was done by changing
the teleprinter code to one in which the 10
decimal digits are all represented by 5-
digit binary numbers containing two 1’s
and three 0's; previously they were rep-
resented by the binary numbers 0
through 9. A failure in the output sys-
tem is now shown up by the printing of
some symbol which is not a decimal digit,
except in the unlikely event of two com-

pensating failures occurring at the same,

time. This system of checking—which
is, of course, well known and in use else-
where—has the advantage that it will also
show up errors introduced when tapes are
copied.

Another checking device included in
the EDSAC in its early days wasanalarm
which sounded when the capacity of the
accumulator was exceeded. This, how-
ever, turned out to be more trouble than
it was worth, since there are a good many
occasions, particularly when orders are
being modified, when the programmer
wishes to perform some operation which
will necessarily involve an overflow in the
accumulator. Another disadvantage was
that the alarm tended to get switched off
during testing operations, and not
switched on again, so that it failed to
serve the purpose for which it was in-
tended. In consequence of these objec-
tions the device was removed from the
machine.

You will perhaps wish me to say what
attitude my experience with the EDSAC

SEP. DEC. MAR JUN
1951

would make me take to checking de-
vices in a new machine. I am, as you will
have gathered from my remarks about the
F-order, suspicious of devices which com-
plicate the machine and therefore de-
crease its reliability. Perhaps this objec-
tion will diminish in force as technical
progress makes machines more reliable,
but of course such progress will also make
checking devices less necessary. An elec-
tronic machine, when in correct working
order, should not produce transient faults
of the type familiar in relay machines and
we do not find it necessary to incorporate
what I might term detailed checks in the
programme; for example, we do not pro-
gramme each multiplication twice over
with multiplier and multiplicand inter-
changed and check that the products
agree. The checks we use are more of an
over-all kind and depend on the nature of
the problem being tackled. As far as the
final results are concerned, such checks
will always be necessary, if only to make
sure that no error in mathematical formu-
lation or in programming has been made,
and no conscientious numerical analyst
would be easy in his mind without them.
On the other hand, in many problems
there is a good deal of intermediate, or ex-
ploratory, work which it is perhaps not
worth while to check at all, or for which a
partial check can be accepted.

Testing the Machine

For testing the machine we have a col-
lection of test problems which can be put
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on at frequent intervals and whenever
the operator suspects that the machine is
not working correctly. The fact that the
EDSAC can be changed over from one
problem to another merely by putting
another input tape into the tape reader,
makes it convenient to do fault finding on
test problems rather than on the actual
problem being solved. Some of the test
problems are designed to help the engi-
neers find out what is the matter with the
machine; others, if they are correctly
performed, satisfy the operator that the
machine is working correctly, but if they
fail give no indication of what is wrong. I
may say that we have found that it is not
as easy as it sounds to make sure that the
machine is in working order. So many
different combinations of numbers can
occur, and the machine can take up so
many different operating rhythms ac-
cording to the locations in the store of the
various orders and numbers being used,
that it is quite possible for a short prob-
lem designed to test each order to go
through successfully and yet for a longer
problem involving some minutes of com-
puting time to fail. The most rigorous
test program we have at the moment is
one which was designed by Dr. David J.
Wheeler for the purpose of testing whether
a certain large number was prime or not.
The number did turn out to be prime and
for several days held the world record for
the largest prime number known. It was
then superseded by an even larger number
tested by a similar program. That the
program has survived as a test programme
shows that even the theory of numbers
has its uses.

The fact that in a reasonable space of
time a machine can be tested only in a
small proportion of its possible configura-
tions constitutes a fundamental difficulty
and in theory one is never justified in
asserting categorically that a machine is in
perfect working order. In spite of our ex-
perience with the EDSAC, however, I
consider that it should be possible—and
indeed others may have done it—to de-
sign and build machines in which the
point is of little practical importance.
Realization of the difficulty is, however,
likely to influence one’s views about the
best form of logical design for a machine.

Having given a brief description of the
logical structure of the EDSAC, I will
now say something about the way in
which that structure has been realized
physically. During the whole of the time
we were building the machine we had in
mind the importance of pushing forward
as rapidly as possible to the point at
which we could begin to do experiments in
programming and begin to run problems.
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This meant that we were not concerned
with trying to arrive at the best engineer-
ing design for the various parts but rather
at a satisfactory design. This point of
view was, of course, engendered by the
fact that we were a mathematical labora-

" tory rather than an engineering labora-

tory.
Mercury Tanks

In order to ease the problems involved
in designing the storage and computing
circuits, a clock pulse repetition rate of
500 kc per second (giving a pulse interval
of 2 microseconds) was chosen, although
this was rather lower than what was being
projected elsewhere. I do not think that
we have ever regretted this decision as
far as the EDSAC is concerned, but I
think that we would feel sufficiently sure
of our technique to use a somewhat higher
pulse rate in a new machine. The tanks
of the main store are about 5 feet long and
give a delay of 1 millisecond. They are
constructed from mild steel tubing and
built in batteries of 16. Two such bat-
teries have been built. In order to avoid
difficulties in making the mercury wet the
crystals, the tanks are filled with alcohol
before the mercury is poured in. The
alcohol is displaced but leaves a thin film
on the surface of the crystals which pro-
vides acoustic contact with the mercury.
Rubber washers are used for sealing. We
have found that these batteries are very
satisfactory in action, although there is a
slow chemical action between the sulphur
in the rubber and the mercury. It is
therefore necessary to dismantle the bat-
teries and clean them every two or three
years. The crystals at the transmitting
and receiving ends are matched into 80-
ohm coaxial cables which connect them
with the electronic circuits. Since they
are matched the losses in these cables are
small and they may be two or three yards
long without causing difficulty. One ad-
vantage of separating the tanks from the
electronic equipment is that since no heat
is produced near the tanks themselves the
temperature control problem is simplified.
When the machine was first built no ther-
mostat was provided, the battery—one
only was in action—being placed inside a
box which was partially lagged thermally.
It was found that the temperature of the
tanks remained sufficiently uniform, al-
though it changed gradually with the am-
bient temperature of the room. The pro-
cedure was to adjust the clock pulse fre-
quency from time to time to allow for
this. The system was rather unsatisfac-
tory, although less so than might have
been expected, and the batteries were
later placed in a temperature controlled

oven. The clock pulses are derived from a
highly-stable tunable oscillator of the
Franklin type, kindly provided by Mar-
coni's Wireless Telegraph Company
Limited.

In addition to the long tanks used in
the main store, the EDSAC contains nine
short tanks with a delay of either half or
one minor cycle. (A minor cycle corre-
sponds to the duration of two short num-
bers.) One is used in the arithmétical
unit to hold the multiplier, and another
to hold the multiplicand. The accumu-
lator consists of two short tanks con-
nected in series, each capable of holding
one long number. This is done so that
access to the most significant half of a
product can be obtained in each minor
cycle. One short tank is used to count the
required number of steps during multi-
plication or shifting operations. Another,
connected in series with a half-adder
through which a pulse is added in each
minor cycle, is known as the counter tank
and is used in conjunction with the access
circuits of the store. Another short tank,
also provided with a half-adder, is used to
contain the address of the next order to be
executed. From what I have said, you
will see that in the EDSAC orders and
numbers are handled in dynamic form
wherever possible. In particular, the
least significant digits of the address in
the order being executed are passed in
dynamic form to a ‘coincidence unit”
where they are compared with pulses,
also in dynamic form, coming from the
counter tank, which I referred to just now.
The coincidence unit produces a wave-
form which is used to operate gates lead-
ing to or from the store at the right times.
Those digits of the order which need to
control decoding trees cannot, however, be
dealt with in dynamic form and they are
used to set up flip-flops in a static reg-
ister.

When first designed, the EDSAC con-
tained several hundred relays, mostly
connected with the input and output cir-
cuits.

Our experience is that, because of the
inevitable bounce which occurs when
mechanical contacts are closed, relays and
electronic circuits do not work happily to-
gether and most of the relays in the ED-
SAC have now been removed. The re-
placement of the mechanical tape reader
by a photoelectric tape reader enabled all
the relays associated with input to be re-
moved. The electromagnet which oper-
ates the ratchet for advancing the tape is
connected directly in the anode circuit of a
tube controlled by a flip-flop. A mechani-
cal contact on the armature (this contact
is heavy enough also to act as a mechani-
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cal stop) is used to reset the flip-flop. It
does not matter if this contact bounces.
On the whole the photoelectric tape
reader has been a great success.
simpler and more reliable than a mechani-
cal one and, cf course, considerably
faster.

Auxiliary Equipment

A feature of the methods we have de-
veloped in the Mathematical Laboratory
for running problems is the use of an ex-
tensive library of subroutines. The use of
subroutines, both taken from the library
and specially constructed, enables the
program to be organized on several
levels. In addition to subroutines of the
more obvious sort, for example, those for
evaluating standard functions such as
sines and cosines, there are subroutines for
performing quite sophisticated numerical
operations, such as the numerical integra-
tion of a set of simultaneous nonlinear dif-
ferential equations. It would be out of
place in a lecture devoted to engineering
topics to go into details about the library,
but I might say something about the im-
portance we attach to the provision of
convenient and reliable equipment for
preparing the programme tape. Apart
from keyboard perforators, the main
pieces of equipment provided are:

1. A duplicator, by means of which tapes
may be copied, or a number of short tapes
combined to form a single tape. This can
be used for copying library tapes on to a
programme tape. It also has facilities for
incorporating corrections into a tape as it is
being copied.

2. A comparator, or a device for verifying
that two tapes are identical.

3. Equipment for printing output tapes
taken from the EDSAC.

It is possible to have special equipment
for verifying that tapes have been cor-
rectly punched, but we have found that
in the particular circumstances of our
Laboratory, a system of double punching
and subsequent mechanical verification
is quite satisfactory. At present all our
tape preparation equipment uses mechani-
cal tape readers (of our own design) and
relays (mostly of the Siemens’ high-
speed type). We plan, however, to re-
place these with equipment using photo-
electric tape readers and hard vacuum
tube circuits. The object of this is not to
get increased speed as much as improved
reliability. Our experience with the
photoelectric tape reader on the EDSAC
has shown that it is very reliable and
simple, and there is plenty of evidence to
show that vacuum tube circuits designed
for slow operation can be extremely re-
liable.
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SERVICEABILITY
Tube Failures
The principal tubes used in the EDSAC
are as follows:
EF54 (CV1136) High slope pentode with

(Mullard) maximum anode dissi-
pation of 3 watts

EF55 (CV173) High slope pentode with

(Mullard) maximum anode dissipa-
tion of 10 watts

EA50(CV1192)

(Mullard) Diode

EB34 (CV1056)

(Mullard) Double diode

These are normal sized tubes with the
exception of the E450 which would now
be called a miniature, although it was ac-
tually introduced when high definition
television broadcasting started im 1936.
Most of the EF54’s are triode connected
and used as cathode followers, although
a few are used as radio-frequency ampli-
fiers in the storage circuits and as pulse
amplifiers elsewhere. Most of the pulse

amplifiers are of the cathode coupled-

variety. The reason for using pentodes
connected as triodes was that a large sup-
ply of EF54’s was presented to the Labo-
ratory by the Ministry of Supply immedi-
ately after the war. A good many of the
EF55’s are also used as cathode followers
in places where a larger power output is
needed, but some of them also are used as
pulse amplifiers. About one third of the
diodes are used in diode gate circuits and
the rest as d-c restorers or clampers.

The heaters are switched on in three
stages, the whole operation taking about
2minutes. This is done in order to reduce
the thermal stresses during switching, but
whether it does any good I cannot say.
It is certainly true that heater failures are
exceedingly rare, most of our tubes failing
by becoming soft or by losing their emis-
sion completely. We would like to be
able to try the effect of leaving the heaters
on continuously whether the machine is in
use or not, but we are not unfortunately in
a position to provide the necessary super-
vision to guard against the fire risk. The
heaters are, therefore, switched off when-
ever the machine is closed down.

Tube failures have tended to get fewer
and fewer since the machine was first put
into operation. Table I shows failures
during two different periods. The tubes

were by no means new at the beginning of
the first period which was when we first
began to keep systematic records. The
figures in brackets underneath each tube
type give the number of that particular
type in use.

I would not like too great a significance
to be attached to these figures, which have
been extracted from the operationallog
book, since they refer to a collection of
tubes of different ages and used umnder
very different working conditions, some
being lightly loaded and a few perhaps
slightly overloaded. The decided fall in
the failure rate from one period to the
other confirmed an earlier impression that
the failure rate was falling. EF55’s have
a failure rate (if allowance is made for the
relative numbers in the machine) about
five times that of the EF54's. I am in-
clined to believe that this is mainly be-
cause the EF55 is inherently less reliable,
although it is no doubt partly accounted
for by the fact that EF55’s are only used
in positions where a fairly large anode
dissipation is necessary, whereas many of
the EF54’s are loaded very lightly. Dur-
ing the first period the diodes showed an
extremely small failure rate and this was
a feature of our operational experience
which stood out during that period. Dur-
ing the second period the failure rate of
EB34’s increased slightly, but in view of
the small numbers involved I would not
like to say whether this is a real effect or
an accidental one It is rendered more
conspicuous by the fact that the failure
rate for the pentodes fell considerably.
I think that one would expect diodes to be
more reliable than pentodes because, in
circuits used in a computing machine, the
power dissipated at their anodes is so
much less. Moreover, the electrode
structure is simple and does not call for
close spacings. Originally, the machine
contained no germanium diodes, but a
few have lately been incorporated.

Component Failures

Taken together, figures for the second
period imply that in the EDSAC less than
one tube failure occurs every two weeks.
The number of failures of components
other than tubes is comparable. During
the period March 1950 to July 1951 about

Table |
Hours
Switched EF54 EF55 EA50 EB34
Period On (1,150) (200) (750) (600)
August 1949 to March 1950........ 1,400 .......... ) 8 12,0000 ) 1
(approx.)
April 1950 to July 1951............ 3,300 .......... [ | J 2 i 5
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five mica condensers became short cir-
cuited, and about 20 resistors failed, either
by becoming short circuited or open cir-
cuited, or by changing seriously in value.
During that period we also found ap-
proximately 20 faulty soldered connec-
tions.

It is my impression that faults of the
latter type have increased during the
period the machine has been in operation,
and it is possible that joints which ap-
peared to be quite satisfactory when
freshly made have become corroded with
the passage of time. In a new machine
we would arrange for all the soldered
joints to be accessible when the units were
removed from the machine. Moreover,
the wires would not be twisted around the
soldering tags before soldering but would
be merely laid against them. The me-
chanical strength of a joint would then re-
side entirely in the solder and the joint
would tend to fail completely rather than
become noisy. At any rate it would be
quite easy to test whether a joint was
sound by pulling the wire with a pair of
instrument forceps.

It would be satisfactory if all the faults
on the EDSAC were due to the failure of a
tube or a component, but this is by no
means the case. Many faults in the past

" have occurred as a result of a marginal

condition occurring in some part of the
machine and have been cured by an am-
plifier adjustment. Such a state of af-
fairs suggests that the circuit design is not
everywhere ideal. The policy has always
been to make modifications to the cir-
cuits, or to rebuild individual units, if it
were thought that a greater degree of
operating tolerance could thereby be
achieved, but, until recently, nothing very
extensive along these lines was attempted,
since it was desired to avoid putting the
machine out of action for a long period.
It is always difficult to know whether to
work on the machine to make it more re-
liable, or to try to keep it in working order
with as little interruption as possible so
that the users can get on with their work.
Our policy was rather to favor the users,
and I think that while they were, for
the first time, getting experience of high
speed computing methods and estab-
lishing a library of subroutines, this was
the right policy. However, in July 1951,
we decided that the time had come to
take the machine out of service for a
general overhaul and partial rebuild. Our
circuit technique had improved in a good
many ways since most of the circuits were
designed, and there were many places in

which we could improve on our earlier de-
signs. The machine has been put into
service again during the last few weeks
and we have every reason to believe that
serviceability will be a good deal better
but I am afraid it is too early to give you
any figures.

The conditions under which we operate
make it rather difficult to give figures for
the serviceability of the EDSAC which
are not in some way or other misleading.
The machine is operated during ordinary
laboratory working hours with the main-
tenance staff in attendance. If it is
serviceable it is also available for use in
the evenings and during the night by
members of the mathematical staff and by
graduate students. No maintenance engi-
neers are, however, present so that if the
machine breaks down, even for a trivial
reason, it has to be abandoned. This
must be remembered when interpreting
figures for the percentage of time the
machine was serviceable. The number of
hours per week during which it was
serviceable is perhaps a better guide, but
a low figure in any week could indicate
either that the machine was working
badly, or that there was a shortage of
people who were willing to work through
the night.

Discussion

E. C Berkeley (Edwin Berkeley and As-
sociates): I would like to ask Professor
Wilkes about what was the cost of his
machine, including some kind of value for
the various gifts from the Government and
others.

M. V. Wilkes: I wish I could answer that
question. To be quite honest, we never
worked it out, since it was the outcome of a
development program. In a university,
unless you go to a certain amount of trouble,
overheads tend to get submerged, and it
would not be easy to give a figure which
would mean anything. The machine has
about 3,000 tubes in it. You can work out
roughly for yourself what that amounts to
in bits and pieces.

E. C. Berkeley.: Could you perhaps locate
it as near $100,000, or near $500,000, or near
$1,000,000?

M. V. Wilkes: I would rather not be
drawn out on this, but it is less than $1,000,-
000.

H. W. Berry (Minneapolis-Honeywell
Regulator Company): I am interested in
the photoelectric tape reader which you de-
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scribed very briefly. Could you elaborate a
bit more on it? Is it a commercial device
or one you developed?

M. V. Wilkes: It is a device we de-
veloped ourselves. It uses a ratchet mecha-
nism, the same kind of ratchet mechanism
as used in telephone switches. The optical
system is an extended one. You saw it was
in rather a tall box. A light shines through
the holes in the tape and forms an enlarged
image of them on five photocells placed at
the bottom of the box. Small photocells
that could be put behind the hole were not
available when it was designed.

The ratchet is worked directly from the
anode of the tube, controlled by a flip-flop.
There is a contact on the armature, which
resets the flip-flop directly, so that no relays
are involved.

We found that the elimination of relays
and the general simplification of the circuits
which arise from using a photocell tape
reader increase the reliability of that part of
the machine a great deal. And I think it has
been in every way a great success. It will
step as quickly as 50 rows of holes a second.
You did not see it going at that speed be-
cause in our system we usually do a certain
amount of calculation between the readings

of rows of holes; for example, a decimal
number such as an address is converted to
the binary ststem by operations performed
between the readings of the rows of holes.

T. K. Sharpless (Technitrol Engineering
Company): I want to ask about the monitor
tubes we saw in the movie. Do they prove
to be a very useful device for checking your
memory and its operations?

M. V. Wilkes: VYes, the monitor tubes
are certainly very useful. Of course, one ade
vantage of a serial machine is that you can
quite easily get a monitor to show you the
whole contents of a section of the memory.
You don’t have to get one digit from one
tube and another from another tube, and so
on,

J. H. Wright (National Bureau of Stand-
ards): You said that you did not have a
marginal checking scheme. Do you have a
routine checking scheme?

M. V. Wilkes: I would say we do not.
On the whole we try to do a certain amount
of preventive maintenance from time to
time. But we do not have any organized
system, and certainly I think in a new ma-
chine we would have marginal checking and
a regular routine of preventive mainte-
nance.
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The National Bureéu of Standards

Eastern Automatic Computer

S. N. ALEXANDER

OME of you undoubtedly recall hear-
ing reports during 1949 on the prog-
ress of the Interim Computer at the
Washington Laboratory of the National
Bureau of Standards. The program to
develop that computer was proposed and
explored during the summer of 1948 as
means for providing a ‘“‘stop-gap’’ instal-
lation for the NBS Computation Labora-
tory during the interim period while full
scale equipment from a commercial source
was being completed for delivery. This
point of view was retained up to the end
of 1949, during which period the machine’s
system and circuitry were developed.
Early in 1950, however, it became evident
that this “‘stop-gap’’ equipment would be
the only equipment that would be avail-
able for two, and possibly three years.
In view of this, the ultimate objectives
for the computer installation were raised
to cope with what could no longer be con-
sidered ‘‘an interim situation.” Further-
more, the name “Interim Computer”
was no longer appropriate and was even-
tually replaced by “SEAC"—Standards’
Eastern Automatic Computer.

Summary of Program

Although the ultimate objectives for the
complete SEAC installation were raised,
we still wanted to try for an initial instal-
lation that was not much above that for
the interim computer. The prime objec-
tive was still to get into operation, at the
earliest possible date, a modest perfor-
mance high-speed digital computer to
satisfy the initial requirements of the
NBS Computation Laboratory. How-
ever, the requirement of the development
program of the Electronic Computers
Laboratory introduced a second aspect to
the SEAC program. We needed an ef-
fective experimental tool for evaluating
advances in computer components and
systems. In order to reconcile these
somewhat conflicting requirements, it was
planned that the SEAC should be made
expandable, that is, should consist of a

S. N. ALEXANDER is with the National Bureau of
Standards, Washington, D. C.

‘The author wishes to express his appreciation to the
staff of the NBS Computation Laboratosy for the
assistance received u-compiling. this data.
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central nucleus, with high priority on
early completion, to which additional
equipment could be added at a later time.
These additions would be included as time
permitted or as operating experience
dictated.

The central nucleus of the SEAC was
put into regular operation in May 1950,
approximately 20 months after the engi-
neering work began. A complete chro-
nology of the SEAC program is given in
Table I. At the time of its dedication,
SEAC was a completely serial machine
operating at a basic repetition rate of 1
megacycle per second, and it contained:

1. A memory unit of 512 words stored in

64 acoustic mercury delay lines (average
access time: 168 microseconds).

2. An input-output unit consisting of tele-
type punched paper tapes and modified
teletype keyboard and page printer.

3. A control unit operating with a 4-
address instruction word consisting of 45
binary digits.

4. An arithmetic unit capable of perform-
ing addition, subtraction, multiplication,
division, a type of extract operation called
“logical transfer,” and two types of com-
parison operation (sometimes called dis-
crimination or branch operations).

Summary specifications for the original
SEAC are listed in Table II.

The interval following the dedication of
SEAC was devoted to tidying up con-
struction changes introduced during the
3-month period of testing and adjustment,
and to solving problems as rapidly as they
were prepared. By October 1950, things
had settled down and we initiated a reg-
ular schedule of operation in which
machine time was distributed among
problem-solution, engineering modifica-
tions (to expand the installation) and pre-
ventive maintenance. We begun keep-
ing detailed records of SEAC’s operation,
hoth to obtain engineering in formation

Table 1.

and to determine whether the initial
charge of $80 per hour of good computa-
tion was adequate to cover the costs of
maintenance service and the repair and
upkeep of the equipment.

In October 1950, the program for the
expansion of SEAC began in earnest,
with the annexation of equipment for
an additional 512 words of electrostatic
memory using the Williams’ mode of
storage. This expansion work has con-
tinued up to the present time and the
electronic equipment is essentially all in-
stalled. However, we still plan to connect
and use a wide variety of input-output
devices with SEAC, as part of our de-
velopment program. In its present con-
dition, the installation now contains the
following new equipment:

1. An additional 512 words of electrostatic
memory, now in trial operation, with over
300 hours of productive computation com-
pleted. 2

2. Additional input-output units consisting
of two high-speed magnetic tape drives
operating under the internal control of the
machine; two magnetic wire drives for
high-speed loading and unloading of the -
machine, operating in conjunction with
an inscriber and outscriber for transcribing
to and from punched paper tape and mag-
netic wire; and an external selector used in
conjunction with all of the input-output
equipment for controlling up to ten different
units.

3. Additional control units consisting of
an Automonitor for automatically printing
out, at the option of the operator, selected
instructions and the results of their execu-
tion; and a 3-address control unit contain-
ing special features for automatizing certain
programming operations. (This equipment
is installed and tested but not yet in regular
use with the entire machine.)

Summary specifications for the ex-
panded SEAC are listed in Table III.

The physical appearance of the com-
puter is illustrated in Figures 1 through
4. Figure 1 gives a general view of the
machine from the operator’s side and
includes a view of one of the high-speed
magnetic tape-handling devices. The
other side of the machine has a similar ap-
pearance and contains the electrostatic
memory, a part of which is shown in
Figure 2. The acoustic memory is in a
separate cabinet, which is shown in Figure
3.

Chronology of SEAC

March to October 1948.... ...
October 1948 to December 1049
September 1949 to March 1950, .
March to May 1950 . .. . .. ...
May 9, 1950 . . . . .

June 20, 1650 . . R
June 1950 to Present | .

. .Study of operational requirements and general machine organization
. Development of machine system, circuitry, and construction techniques
Construction of SEAC “nucleus”

Adjustment and test period

Solution of first significant problem: skew ray problem for the NBS

Optics Division

. Announcement and dedication of machine

Utilization of machine for solution of problems, and expansion of ma-
chine by annexation of additional equipment to the original “nucleus®
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Table II. Specifications for SEAC “Nucleus"

Table IV. SEAC's Operating Record for an Average Week

Average Time in

Microseconds for

Complete

Operation*

(including
Operation Access Time)
Addition............... [ .. 864
Subtraction................... ceeee. 864
Multiplication...................... 2,976

(a) Major part, unrounded

(b) Major part, rounded

(¢) Minor part
Division.........coviveennenann. ....2,976
Logical Transfer.................... . 864

(An arbitrary partial word transfer

for the purpose of forming com-

posite words)
Comparison......o.ovuvinnennennannn 696

(A conditional transfer of control

based on value of arithmetical

result)

(a) Algebraic value

(b) Absolute value

Total Numberin

Components SEAC Nucleus
Vacuum tubes.............couiiinn, 747
Germanium diodes ................. 10,500
Electrical delay lines................. 394
Acoustic delay lines.................. 64

* A complete arithmetic operation consists of read-
ing the instruction word and two operands out of
the memory, and writing the result back into the
memory. Access time thus includes four arbitrary
references to the memory. These figures are for
operation with the acoustic memory.

Table lll. Expanded SEAC Specifications
Average Time in
Microseconds for
Complete
Operation*
(including
Operation Access Time)
Addition. ....oovviiiii i 240
Subtraction............ovviiiinannn 240
Multiplication....oovvvvuiiuneeinnnn, 2,350

(a) Major part, rounded

(b) Major part, unrounded

(¢) Minor part
Division.............. e 2,350
Logical Transfer..........

Logical Multiplication ...
Comparison............
(a) Algebraic value
(b) Absolute value

(An order for automatically modi-
fying addresses and/or for condi-
tional transfer of control)

(An order for writing contents of
control counter register into the

memory)

Total Number in
Components Expanded SEAC
Vacuum tubes...... e, 1,290
Germanium diodes. . .o.vvveiianna, 15,800
Flectrical delay lines................. 654
Acoustic delay lines........ v 64
Electrostatic storage tubes............ 48

* These figures are for operation with the electro-
static memory only.

An interior view is visible in Figure 4,
showing the plug-in components—diode
clusters, pulse transformers, and enclosed
electrical delay lines. The push-on inter-
connecting wires for carrying the high-

Number Percentage
of of
Hours Total Time

Assignment
Scheduled for preventive maintenance.............. 20.......... .. 12%
Scheduled for problem-solution....... e eiieereee 8., oo 49%
Scheduled for engineering e veeve 31% Shased on 168 hours per week

Total for all purposes.. . 92%
Unscheduled............cooviiiniiiiininnnnnnen. 1800000, 8%
Operating Performance
Productive time

for problem-solution....................vviuan.. 4., ..t 65% }based on 83 hours per week

for engineering. .. ............oiiiaiann. PPN 43......... ... 83%}based on 52 hours per week
Unproductive time
* (Machineout of order)................0uviinnn. 31 20%
Idle time

(Machineinorder)..........ociiiinvaninnvinans T 5% ( based on 155 hours per week
Total..ovvivrevnenennennnn. e P 155. ... ... ...100%

Figure 1.

speed pulses from chassis to chassis also
are visible.

At this point it might be advisable to
mention some of the particular deviations
from normal techniques that are present
in SEAC. The most important are:

1. Germanium diodes are used for prac-
tically all switching functions. Details of
this technique are given in Figure 5.

2. One type of vacuum tube is used in al-
most all of the high-level pulse circuits.
It is a miniature beam tetrode, the 64 N5.

3. Step-down pulse transformers are used
with each vacuum tube to provide a-c
coupling between switching circuits, for im-
pedance matching, and to provide output
signals of both polarities.

4. A combination consisting of a single
tube, pulse transformer, and 1 microsecond
of electrical delay is used to replace the usual
Eccles-Jordan type of flip-flop for single digit
storage. This provides a-c outputs of both
polarities, having ample drive to provide the
control functions on other parts of the com-
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General view of SEAC

puter. It also is the basic element for our
shift register and binary counters.

5. The availability of low impedance drive
out of the transformers, together with suit-
able use of diode clamping and disconnect-
ing techniques has reduced cross-talk ef-
fects between circuits. Thus, it has been
unnecessary to shield or space the open
wires between chasses, despite the 15-volt
signals at a 1-megacycle repetition rate and
the 0.1-microsecond rise and fall of these
pulses.

Summary of SEAC Operating Record

In order to handle the work load in-
volved in solving problems, expanding
SEAC, and evaluating newly installed
equipment, it became necessary to utilize
the computer 24 hours per day, seven
days a week. Of the 168 hours available,
it was planned to allot 76 hours to prob-
lem-solving, 76 hours to engineering, and
16 heurs to preventive maintenance.

85



We now have the complete records for a
full 12 months of scheduled operations.
A week-by-week breakdown is given in
Appendix II. Table IV sumtarizes the
SEAC’s operating record for an average
week, and provides an indication of the
machine’s serviceability as well as of the
intensity with which it was utilized during
its first year, on.over 60 different prob-
lems.

A list of these problems is given in
Appendix I.

It should be borne in mind that the 54
hours of productive operation(out of the

Nt ey iEal
W2

Figure 2 (left). Part
of the electrostatic
memory

Figure 3 (right).
Acoustic memory
cabinet

83 hours scheduled for problem-solution)
were logged in the midst of a steady ex-
pansion of our computing facilities. As
these new facilities were put to work,
there were usually brief bursts of lost time
from both residual defects in the equip-
ment and improper use of the new facili-
ties.

It is a source of considerable grati-
ficatiorr to remark on the fine teamwork
between the designers and the users of
SEAC, which contributed to the records
given above. All this augers well for the
day when we can settle down to normal
operation, instead of the present schedule
which necessitates pulling SEAC apart
on two days of each week and then “zip-
ping”’ it back together again in time for
preventive maintenance and scheduled
computation operation.

Figure 4 (left). In- - j_

terior view of SEAC

6AND
DRIVER ©

Appendix |. List of Problems
Worked on the SEAC

Mathematics and Statistics Problems

COMPUTATION OF FUNCTION TABLES

1. Table of the exponential function for
negative arguments.

2. Table of the exponential-integral func-
tion for complex arguments.
3. Tables of hyperbolic sines and cosines.

4. Table of the error function for complex
arguments.

5. Tables of Jacobi ellipic functions for
real arguments.

6. Tables of coulomb wave functions.
7. ‘Tables for Loran navigation.

8. Tables of power points for analysis-ofe
variance tests.

+ 120
g 17 V. POSITIVE
SWING

+62

+62 BUMRERS

3

-65

R 3<R2<Ry

SIGNALS ARE '/2/1 SEC PULSES, UP TO | MC. PRF.
ADDITIONAL AND INPUTS MAY BE TIED AT

Figure 5 (right).
Diode switching in
SEAC computer

ADDITIONAL OR_ INPUTS MAY BE TIED AT(8) OR(C)
FEEDBACK, RECLOCKING, AND NEGATIVE PULSE CIR-
CUITS NOT SHOWN. USE SAME SWITCHING TECHNIQUE.
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Table V. Problem-Solution Time Table VI. Engineering Time

“Good’’ Hours ‘‘Down’’ Hours ‘“Good’’ Hours  ‘‘Down’’ Hours
1 - - e 1
] % egd ] v EHWY
wed H g 983 ) w 5 & S8E
RLA P S 5 %% sef & 5 % 3Ee,
- = ; @ o b} E-1 - "
SO BT CIE B LG 88, g, 22 0B g 3 EES
=g ] S o cR-} ”E” 3«:‘ = k) o a2 H o OFE
S@8o8 L& g8 o 2 o 52 8 3 WS wE b= © = 9= O ]
Weelk of S4hkE 88 88 52 A S5 83 3135 Week of S48 B8 H2 A B OZo%via
October through December 1950 October through December 1950
Oct. 1.......... 76... 30... 1l... O... 68%. . 30*% ., 22% 54 Oct. .0.. 0
Oct. 8.......... 76. .. 11... 4 .. 4... 54*x . 28*% _ 32% .25 Oct. 20.. 0
Oct. 15 ....... 79... 30... 28 . 2...10 .. 8 . 1...78 Oct. 20 . 1:... 30 . 0....18.. 30
Oct. 22.......... 74 .. 56... 9 .. 1... 0. 8 . 0 ...89 Oct. 43.7.. 9.... 9....4....9.... 70
Oct. 29........ .98 .. 59.. 12... 2., 5...19. 1...76 Oct. 55.... 38.... 3.... 8...0....6....75
Nov. &6......... 76. .. 35... 5... 0...21 . 15 . 0 ...53 Nov. 5. 0viviinnnnnn 70.... 50.... 1l....19.. 0 .0.... 74
Nov.12.......... 76... 44 . 13... O.. 6 . 13 . 0 ...62 Nov.12.............. 67.... 24.... 15.... 23.. 5 0.. 58
Nov.19.......... 64 .. 25... 25... 4.. 3. 7. 0 ...8 Nov.19.............4 62.... 55.... 2... 0....4.... 1.. 92
Nov.26.......... 82... 34...18... 7. 3. 20 . 0...72 Nov.26.............. 57.... 57.... O0... 0....0....0....100
Dec. 3.......... 77 .. 55 .. 10... 2.. 6 . 4 . 0 ...87 Dec. 3....civiieann 57.... 56.... 1.. 0....0.... 0....100
Dec 10... ....... 86... 52... 6... 6.. 7. 12 . 3 ...74 Dec. 10......ccvvnnnn 43.... 42.... 1. 0....0....0....100
Dec. 17........... 58... 4... 3... 3.. 0. 8 . 0 ...86 Dec. 17.............. 54.... 40.... 7.. 7....0....0.... 8
Dec.24........... 76... 41...29... 3... 0. 3. 0 ...96 Dec.24.............. 20.... 12.... 2.... 6....0....0.... 70
Totals............ 998 .. 516...173 .. 34...183 ...175 59 .73 Totals....ooevvenenans 646.... 457.... 42....102....13 .34.’. . 78
January through March 1951 January through March 1951
Dec. 31 (1950). ... 70... 20...22...18... 7 ... 1. 2 ...86 Dec. 31 (1950)........ 20.... 17.... 3.... O....0....0....100
Jan. 7.......... 109... 50...35... 1...12 ... 11 . 0...79 Jan. 7......i..... 11.... 10.... 0.... 1....0....0....91
Jan. 14.......... 66... 25... 9... 4... 2 ... 23. 3 ...58 Jan. 14........... 56.... 39.... 9.... 8....0....0.... 8
Jan. 21.......... 96... 26...22... 4...16 ... 24 . 4 ...54 Jan, 21...... ... o 51.... 49.... 1l.... 1.,..0....0.... 98
Jan, 28..... 83... 30... 14... 2...11 ... 25 . 1...55 Jan. 28. . ...t .. 53.... 41.,., 12.... 0.... 0.... 0....100
Feb. 4.......... 89... 9...34... 0...19 ... 22 . 5 ...48 Feb., 4........00.0.. 59.... 58.... 1l.... 0....0....0....100
Feb. 11.......... 76... 21...17... 1.. 4 ...30 . 3 ...51 Feb. 11.......... .. 67.. 61.... 2.... 4....0....0.. 94
Feb. 18.......... 76 .. 35...15... 2... 4...10. 0 ...82 Feb. 18........ P 84.... 84 0... 0....0.... 0....100
Feb. 25.......... 86... 34..., 16... 3...11 .., 17 . 5 ...62 Feb. 25... vesen 72.. 71 1... 0....0....0....100
Mar. 4....... 83... 30... 10... 2...15 ... 25 . 1...51 Mar. 4...0.0ininnnn. 66.. 66.. 0... 0.... 0....0....100
Mar. 11.......... 83... 8...21... 4...22 ...28 . 0 ...40 Mar.11l....cennnen. 69.... 69.... O0.... 0....0....0....100
Mar. 18.......... 111...  38...29... 3.. 2 ...30. 9 ...63 Mar. 18...... eeeee..  28.... 28.... O... 0....0....0....100
Mar.25.......... 88... 44...17... 3... 1...19. 4...73 Mar.25.....oeiinnnns 46.... 40.... 6.... 0....0....0....100
Totals............ 1,116... 380...261... 47...126 ...265 ..., 37 ...62 Totals....oovvennnennn 682.... 633....35....14....0....0.... 98
April through June 1951 April through June 1951
7... 8... 2... 7. 19 . 11 ...37 45.... 33.... 12.... O.. 0.... 0....100
67... 11 8... 2. 4 ... 4...9 60.... 55.... 5.... 0....0....0....100
63... 17.. 6.. 4. 5... 0...91 b54.... 51.... O.... 1....2....0.. 94
46... 18... 8.. 2. 17 ... 8...77 62.... 52.... 10.... 0....0....0....100
27... 10. 9... 6. 16 ... 19 ...53 61.... 61.... O.... O....0....0....100
. 16... 26... 12., 7...19 ... 8...681 68.... 68.... 0.... 0....0....0....100
73... 17. 6... 2 ...14 ... 0...8 46.... 43.... 1l.... 2.,..0....0.... 96
39... 26... 10. 1. 16 . 5...77 63.... 48....14..., O0....1....0....98
56...23... 4... 3...11. 13 ...75 34.... 34.... 0.... 0....0....0....100
33... 29. ... 0...18 . 9 ...72 87.... 87.... O.... 0...0....0....100
6... 10. 0... 3. 13 . 12 ,..36%* 114.... 77. 32. 5....0....0.... 95
36... 18 2...13 ... 15 . 15 ...57 55.... 29.... 0....26....0....0.... 853
26...10... 4. 3...10... 2..73 6l.... 29.... 7....25....0....0....50
505...218... 78... 53 ...177 ...101 ...71 760.... 617.... 81.... 59.... 3.... 0.... 92

July through September 1951

July through September 1951

July 75... 5L..17... 4.0 1... 2...0...96 July 1......... veee. 28.... 28.... O.... 0....-0....0....100
July 68... 31...20... 8.. 4... 4... 1..87 July Bereiiiiiiaiins 59.... 38.... 0....2l....0....0.... 65
July 5¢... 16...20... 8.. 1... 9... 0...381 July 15..ceeennnnn. . 69.... 69.... 0.... O....0....0....100
July 77... 45...17... 6. 1... 8... 0...90 July 22....counen.. 57.... &7.... 0.... 0....0....0....100
July 103... 60...12... 3... 7... 11 10 ...73 July 29...cceeeennn.. 33.... 13.... 0....20....0....0....39
Aug. 82... 42... 6... 8.. 0...14 12 ...64 Aug. Beeennnn veeee. 30.... 27.... 0.... 3....0....0....100
Aug. 55... 24... 8.. 0... 0...12 1 ...58 Aug. 12, et 56.... 36.... 0....20 ..0....0....64
Aug. 79... 2L... 404 1... 4...10... 3...79 Aug.29......... vee.. 80.... 50.... 0.... O....0....0....100
Aug. 94... 6...38.. 1..11...37 ... 1...48 Atg. 26.ceeeereenen..  A7.... 47.... 0.... O....0....0....100
Sept. 95 .. 24...49... 4. 6... 9... 3..81 Sept. 2eeverennennnn. 42.... 42.... 0.... O....0....0...:100
Sept. 105... 31...4L... 3... 2...17...11...72 Sept. 9.eureerieaen.. 32.... 32.... 0.... O....0....0....100
Sept. 16.......... 90... 58...15... 3... 0...10 ... 4 ...85 S [ R 67.... 67.... 0.... O....0....0....100
Sept. 23.......... 90... 43...18... 2... 0...19... 8...70 Sept.23...eieiininnn. 68.... 68.... O.... 0....0....0....100
Totals............ 1,067... 452...301... 51... 37 ...162 ... 64 ...75 Totals. .nnenoe 638.... 574.... 0....64....0....0....90
Grand Totals. ... . 4,313...1,853...953...210...399 ...779 ... 261 ...70 Grand Totals......... 2,728....2,281....158....239....16....34.... 89

* These figures include engineering time as well as problem-solution time.

** Installation of hew, more flexible manual control.

PROBLEMS IN NUMERICAL ANALYSIS

1. Solution of integral equations (Dirichlet
problem) by iterative methods.

2. Solution of partial differential equations
(Laplace equation) by Monte Carlo method.

3. Solution of partial differential equations
(heat flow) by various methods in order o
evaluate the effect of round-off error.

4. Inversion of 1matrices by various
methods (including Monte Carlo).

5. Solution of Warschawski problem (con- for the Bureau of the Census, that is, de-
formal mapping) by numerical methods. termination of sampling procedures corre-
sponding to minimum cost, minimum vari-
ance, et cetera.

1. Tables of prime numbers, and primi- 2. Generation of random samples from a
tive roots of primes. normal probability distribution and appli-
cation of acceptance criteria to them.

NUMBER THEORETICAL PROBLEMS

2. Solutions of diophantine equations, et
cetera. Physics Problems

PROBLEMS IN STATISTICS CRYSTAL STRUCTURE
1.  Generation of optimum sampling plans 1. Calculation of electron density in a cell
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ofacrystalfromobserved “‘structurefactors.”

2. Calculation of interplanar spacings in
crystals for various lattice parameters in
order to index X-ray powder diffraction pat-
terns.

X-RAY AND GAMMA RAY PENETRATION

1. Solution of Volterra integral equations
relating to radiation penetration in ma-
terials. -

RELATIVE ABUNDANCE OF THE ELEMENTS

1. Solution of differential equations relat-
ing to the neutron-capture theory of the
formation of elements in the universe,

INTERNAL CONVERSION COEFFICIENTS

1. Calculation, for the L-shell, of the ratio
of the number of electrons to photons in-
volved in the transition of a radioactive
nucleus.

WAVE FUNCTIONS FOR HELIUM ATOM AND
FOR LITHIUM ATOM
NEUTRON DIFFUSION PROBLEM

GEOMAGNETIC FIELD PROBLEM

1. Calculation of internal magnetic field
of the earth from observations made at the
earth’s surface.

CELESTIAL MECHANICS PROBLEM

1. Calculation of orbits in the restricted
three-body problem, that is, the motion of
an infinitesimally small body in the gravita-
tional field of two bodies of finite size.

HEAT-FLOW PROBLEMS

1. Calculation of the distribution of tem-
perature inside a thermally reactive ma-
terial.

2. Calculation of the conduction of heat
inward from a surface exposed to high in-
tensity radiation.

Engineering Problems

OptIcAL SYSTEM DESIGN

1. Calculations of the paths of skew rays
through systems of lenses.

ELEcTRONIC CIRCUIT DESIGN

1. Calculation of the starting transient in a
class-C oscillator.

2. Calculation of the response of a non-
linear system to noise.
SYNCHROTRON DESIGN

1. Calculation of the effects of forced os-
cillations in the Brookhaven proton syn-
chrotron.

ELECTROMAGNETIC ENGINEERING

1. Calculation of trajectories of electrons
through a resonating cavity.

2. Calculation of magnetic fields generated
in the neighborhood of electromagnetic de-
vices.

FrLuip DyNaMmics
1. Calculation of flow in supersonic nozzles.

2. Calculation of pressure distribution on
bodies of revolution.

3. Calculation of the rolling moment due
to side slip of an airplane wing.
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Table ViIl.

Other Time, and Summaries of Performance

Total Hours
Assigned to
Preventive

Week of Maintenance

’ Good Portion

Hours of
Idle in Order
(Unassigned)

Total Hours
llGood' i3

Total Hours
Assigned*

Total Time,
Per Cent*

October through December 1950

Oct,
Oct.
Oct,
Oct.
Oct.
Nov.
Nov.
Nov.
Nov.
Dec.
Dec.
Dec.
Dec.

Totals.eoveviereiiiinnnnnnuns,

Dec.
Jan.
Jan.
Jan.
Jan.
Feb.
Feb.
Feb.
Feb.
Mar.
Mar.
Mar.
Mar.

Totals...... e, 278. ...l

Apr.

July
July
July
July
Aug.
Aug.
Aug.
Aug.
Sept.
Sept.
Sept.
Sept.
Totals

Grand Totals

* For both problem and engineering work.

4. Calculation of the pressure distribution
and displacement resulting from a blast in
an ideal gas under conditions of spherical

symmetry.

MECHANICS

1. Calculation of the deflection of a column
subject to plastic deformation.

2. Computation of sound-transmission in-
tegrals for single and double walls.

3. Tabulation of functions for facilitating
determination of the shape and tension in a
flexible cable held in a uniform stream.

Business Management and Economic
Problems

PROBLEMS RELATED TO AIR FORCE

PRrROGRAM-PLANNING

1. Computation of production-scheduling
and procurement requirements for the Office
of the Air Comptroller, United States Air
Force.

2. Research in linear-programming theory,
for example, solution of various systems of
linear inequalities relating to ‘‘game’’ prob-
lems, “input-output’’ problemns, transporta-
tion problems, et cetera.
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PROBLEMS RELATED TO SOCIAL SECURITY
ACCOUNTING PROCEDURES

1. Study and demonstration of sorting and
tabulating processes.
Militaty Problems

In this category, approximately 20 classi-
fied problems were worked on the SEAC.

Appendix |Il. Statistics on

SEAC's Operating Performance—

October 1950 through September
1951

Table V contains details,
week, of the computer’s

for each”
performance

during the time set aside for problem-solu-
tion, Of this time, the ‘‘good” portion
was that in which either (1) problem-
solutions or coding checks were turned out
correctly by the machine, or (2) the machine
was in good operating order but it was
idle.

“Down” time was that portion in which
either (1) time was lost because of machine
malfunctions during problem-solution (in-
cluding the time used for rerunning prob-
lems, to permit continuation), or (2) machine
malfunctions were being diagnosed and
equipment debugged, or (3) the machine was
out of order and idle. For the entire year,
the ‘‘good” time was 70 per cent of the
total time which was assigned to problem-
solution.

Table VI gives the details, for each
week, of machine performance during the
time when the SEAC was assigned to en-
gineering test and development work.
Of this time, the ‘‘good” portion was that
in which there was no malfunction of any
machine which had previously been put
into regular operation. For the entire
year, the ‘“good” time was 89 per cent
of the total time assigned to engineering
work.

Table VII accounts for the remainder of
time and summarize the total good per-
formance (both on problem-solution and
engineering projects) for each week. The
“good”’ time for the entire year was 77 per
cent of the total time assigned to both
projects.

(Discussion of this paper was combined with that of the following paper)

Alexander—National Bureau of Standards Eastern Automatic Computer



Engineering Experience with the SEAC

RALPH J. SLUTZ

ROM the time of its early planning

phases the SEAC program at the Na-
tional Bureau of Standards has had a dual
purpose. One objective has been, of
course, the provision of a tool for use in
the solution of problems in calculation,
but a second and equally important as-
pect is the use of this equipment to pro-
vide experience with which better tools
can be designed in the future. Thus
about one-third of SEAC’s time during
the past year has been used for the testing
out of new equipment in order to obtain
design experience for further develop-
ment.

First let me mention that the decision
to use a full-fledged computer as a piece
of test equipment has been amply justi-
fied. The two major such uses have been
in conjunction with the design and evalu-
ation of a full electrostatic-storage mem-
ory and also with the design of several
varieties of magnetic tape devices for use
as input-output devices and as auxiliary
memory. When working with such de-
vices, we test them first in the laboratory
as carefully as is feasible without con-
structing overly complex laboratory
equipment. Then they are tried with the
SEAC, and invariably their use as part
of a full computing system shows up
weaknesses which have been overlooked
in the laboratory. When these weak-
nesses have been corrected, the unit is
then used in regular problem computa-
tion, and it has been our experience time
and again that the variety of use such a
unit gets in handling a large number of
problems turns out to be a much more
rigorous test than any acceptance test we
have been able to devise. Thus the
computing system has proved to be a
most valuable piece of test equipment, es-
pecially so because of the great flexibili v
of test programs possible simply by put-
ting different routines in the machine. It
appears clear that in order to achieve as
good results with specialized test equip-
ment as we do with the computer, this
specialized test equipment would have to
be nearly as complex as a full computer;
and to be as flexible as the computer is, it
would have to have a great many of the
characteristics of a computer—so it might
as well be a computer.

On the other hand, in addition to using
the SEAC to test out new and advanced
equipment, the SEAC is itself continually
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testing the components which go to make
it up, and these components have been
selected to give information of interest to
computer design. For instance, the deci-
sion was deliberately made to use as the
major vacuum tube one on which rela-
tively little experience was available, but
which had been partly designed with
computer use in mind. It is this sort of
experience—experience in the operation
of the computer itself—which I wish to
describe here.

Over-all Performance

First I would like to mention the over-
all performance that has been observed.

This is not too easy a thing to express in ,

quantitative form, since some numbers
that might be assigned would give a very
misleading impression of the usefulness of
a computing installation. To show how
this could be, imagine a computer which
is working at a megacycle rate, but loses
just one pulse every second. Then this
computer would be making errors only
0.0001 per cent of the time but it would
be almost completely useless for problem
solution since there would never be more
than a second’s continuous good operating
time. We have attempted to avoid this
situation by using a definition of good
operation which depends on the amount
of useful work performed. Thus we call
“bad” time for the computer the total
tie which it is estimated was lost as a re-
sult of computer malfunction. Thus it
sometimes comes about that the com-
puter will make an error at a time which
invalidates previous good operation which
may have extended for ome or several
hours, and in order to make further prog-
ress on the problem it is necessary to re-
peat this previous work in order to re-
cover the lost information. With the defi-
nition we use, all of this time used in re-
running the problem is considered as
“bad’ time. It is obvious that the oper-
ating figure that results from this is a
function not only of the computing
equipment itself, but also of the type of
problem which is being done, and of the
skill of the problem preparer and machine
sperator in making provision for mini-
mizing the effect of possible machine mal-
functions. Also when errors occur during
the checking of the coding of a problem,
it is somewhat a matter of judgment as to

just how much delay a given machine mal-
function may have caused. We believe,
however, that the definition which is used
tends to err more on the conservative
than on the optimistic side.

With these considerations in mind,
then, we can turn to the experience for the
past year—October 1950 through Sep-
tember 1951. On a weekly basis, the per-
centage of good time during that time of
the machine which was assigned to prob-
lem solution varied from a low of 25 per
cent to a high of 96 per cent, the over-all
average for the year being 70 per cent.
That is, if the machine had been working
petfectly it would have turned out the
same amount of results in 70 per cent of
the time which actually was required.

However, while this sort of figure on
over-all operation is of interest in connec-
tion with the efficiency of a given comput-
ing installation, it does not tell us much
about the performance of the individual
parts which go to make up the computer.
A breakdown of the relative number of
hours lost for various reasons will give
something more along this line, although
it is necessarily somewhat rough because
many intermittent troubles have un-
known causes. Of the total trouble time
some 34 per cent was produced by such
undetermined causes or by a variety of
different reasons, each a small percentage
initself. Thirty-six per cent of the trouble
time was attributed to errors in the input-
output equipment, the majority of these
being caused by malfunctioning of the
mechanical parts of the electric type-
writer used, or its associated relay and
electronic circuitry. Seventeen per cent
of the bad time was attributed to errors in
the delay line memory—either the loss or
pick-up of pulses such as might be caused
by improper gain of the recirculation am-
plifier, but which were not attributable
to any particular tube or diode circuit in
the system. Only a small proportion of
the errors was directly attributable to the
tubes and diodes, 8 per cent for diodes,
5 per cent for tubes, and 0.5 per cent for
electrical delay lines.

Tube Life

Let us look at the data that have been
accumulated on tube life. The SEAC
uses mainly one kind of tube, the 64 N5;
nearly 75 per cent of all the tubes in the

machine are of this one kind. Half of -

the remaining tubes are 64K5, the re-
mainder being made up of a large variety.
A bit of an engineering gamble, call it cal-
culated risk if you will, was undertaken in

RALPH J. SLUTZ is with the National Bureau of
Standards, Washington, D. C.

Slutz—FEngineering Experience with the SEAC



'\\

" §IOO
= 600 S

z S i 8

(%] * .

. 60
Z 400 I -y z

i ~— | 3 40
“3’ — [
NOV.17, 1951 0

= 200 o 20
()

o ) 2
2000 4000 6000 8000 10,000 12,000

HOURS OF SERVICE

Figure 1.

using this 64 N5 so extensively. At the
time the SEAC program was initiated,
very little life experience was available on
this tube, but it was selected because its
characteristics had been developed partly
to meet computer requirements, and in its
design a great deal of attention had been
put toward doing as much as was known
to make a reliable tube. The tube was
initially developed during the war as a
high-gain broad-band intermediate fre-
quency or video amplifier. Its charac-
teristics looked sufficiently promising so
that as part of a program of component
development for the Army Ordnance De-
partment the National Bureau of Stand-
ards sponsored further design work aimed
at unusually high reliability. Care is
taken in the filament construction to pre-
vent weak spots which would be likely to
open up. Passive nickel is used for the
cathode to avoid interface troubles; and
particular attention is paid to keeping the
grids cool and preventing emission from
them. The tube goes through a careful
inspection procedure, and costs accord-
ingly. These points in the design seem to
have produced good results. In the
SEAC operation, no attention is paid to
any particular cycle for turning the fila-
ments on or off. They are simply
snapped on or off whenever desired, and
yet filament failures in over 1,000 tubes
are almost completely unknown. In the
last year not more than two or three have
been observed. Similarly there has been
no evidence of cathode interface for-
mation or trouble from grid emission.
Another design decision was that the
tube would not be derated but used in the
computer in such fashion that under cer-
tain combinations of circumstances the
element dissipations or currents might
reach those specified by the manufac-
turer. Actually, the circuit in which it is
used is limited not by plate but by screen
grid dissipation. Plate saturation takes

6ANS tube life inSEAC

place and the plate dissipation can only
reach one-third to one-half the manufac-
turer’s rating while the screen grid reaches
the full rating. On the other hand, under
certain circumstances peak currents of as
much as 100 milliamperes at 50 per cent
duty factor are drawn from the cathode.

Up to the present the SEAC has been
in operation for somewhat over 12,000
hours, and Figure 1 shows the experience
with the 600 tubes which made up the
first installation. You will note that 50
per cent of them werein service slightly
more than 10,000 hours. The rejections
on which this curve is based are not in
general for failure in service, but rather
for passing our lower specification limit in
routine maintenance tests. These speci-
fications are shown in Appendix I, and are
based mostly on arbitrary judgment.
How this curve would be affected under
changes in the specifications is not known.

Looking at the curve, you will note that
there were very few failures for the first
3,500 hours, followed by a rather rapid
drop-off. When we noticed this sudden
drop-off, we found that due to an error
some 250 of the tubaes were installed such
that their filament voltage was from § to
10 per cent higher than 6.3 volts. These
tubes were failing to pass specifications
rapidly at about 3,500 hours, which shows
as anyone would guess that at least in this
instance abnormally high filament voltage
is not conducive to long life. When these
abnormally run tubes are removed from
the sample, the curve shown in Figure 2
is obtained. This you will see is quite a
bit smoother and indicates that nearly 60
per cent of the tubes are still in operation
after 12,000 hours of service. An inter-
esting feature of this curve is that it
leaves the 100 per cent line gradually and
at least for the life observed here is con-
cave downward rather than being con-
cave upward as would be the case if the
failures were purely a random phenom-
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enon. The situation shown in the curve
is very desirable for computer operation
since it means that early failures are al-
most negligible and even without testing
them this particular group of tubes could
be depended on for the first 3,000 or 4,000
hours, If the failure of the tube were a
purely random function of time, the curve
would be an exponential one dropping
away very quickly from the 100 per cent
point, and it would require very long
average life indeed to provide similar re-
liability during the first few thousand
hours of life.

Since the tube has a passive mnickel
cathode sleeve, it of course is relatively
hard to activate stably. We find that an
initial aging period of the order of 100
hours is essential for new tubes, since in at
least some cases we have observed during
aging a drop in plate current of 50 per cent
during the first 10 or 20 hours, with com-
plete recovery at the end of 100 hours,

The general conclusion is that the
6ANS5 is a very satisfactory tube for
computer use. Whether derating the
tube would make its life any better than
what is shown from these figures I can-
not say. As it stands its life is only a
very minor source of trouble in the com-
puter.

Germanium Diode Life

When we turn to look at data on ger-
manium diode life we find that it is a
little bit obscured by procurement dif-
ficulties in the initial installation of the
SEAC. At the time of the initial con-
struction of the SEAC our diode speci-
fications were less stringent than at pres-
ent, particularly with regard to diodes
whose back characteristic ‘‘creeps’” or
“wiggles’’; that is, changes either slowly
or rapidly during test. However, at that
time we had considerable difficulty in ob-
taining enough diodes even of the weaker
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specifications to fill the machine, so we in-
stalled quite a large number of diodes
which were sommewhat below the installa-
tion specifications we were shooting for
even at that time. It took nearly 8,000
hours of machine operation before the
job was completed of insuring that all of
the diodes in the machine met our present
specification on installation. This speci-
fication is shown in Appendix II.

During the last 4,600 hours, while the
specifications were being tightened on the
diodes, some 11.5 per cent were replaced.
This of course is not a very fair figure be-
cause of the change in specifications but
is at least an upper bound, even if prob-
ably a very lax one, on what the true
failure rate would be during this time. A
much better figure comes from the ex-
perience subsequent to the uniform in-
stallation of the diodes. Here we have
some 7,700 tests on individual diodes,
and because of the sequential nature of the
routine maintenance testing we can infer
that each of these diodes passed specifica-
tions at a time which averages about
5,000 hours before the current series of
tests. This series of tests rejected 2.2 per
cent of the diodes, so we can say that of
7,700 diodes that were acceptable at a
given time, 5,000 hours later 2.2 per cent
of them had been rejected for failing to
pass specifications. I want to emphasize
that again, as in case of the tube failures,
these rejections of the diodes were based
on failure to meet a quite arbitrary speci-
fication and not on complete short or
open circuit of the diodes. These diodes
were removed during routine maintenance
periods. Actually, out of approximately
15,000 diodes in the machine and over a
period of a full year, only 20 diodes were
removed for having been found to be the
direct cause of failures in attempts at
solving problems. All the rest were re-
jected as a part of the preventive main-
tenance procedure.

Preventive Maintenance

In order to clarify these figures let me
describe the system of maintenance used
on the SEAC. The machine is scheduled
on the basis of 24 hours a day, seven days
a week, which is a total of 168 hours per
week Out of this time something like 10
or 20 hours are scheduled each week for
preventive maintenance. During this
time the tubes and diodes in two or three
chassis are removed and tested individ-
ually, adjustments are made to the
mechanical devices, the central clock
phasing is tested, test routines are run,
and marginal testing is used. This mar-
ginal testing procedure is particularly
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simple with the circuitry that is used.
The positive pulse output of every stage
in the computer appears on one winding
of a pulse transformer, one side of which
is returned to a bus at —10 volts. There-
after, d-c coupling is used to the grid of
any tubes which are to be activated by
this pulse. Thus if this —10 volt bus is
made more negative, every pulse in the
computer is weakened in its action on the
succeeding stage, and any which are mar-
ginally low in amplitude will produce
failures. Similarly the negative outputs
used to inhibit the action of gates are re-
turned from a transformer winding to a
bus at -4 volts, so raising the voltage of
this bus is sufficient to induce errors in
any stage which has a marginal ampli-
tude. Thus the maintenance procedure
is a combination of direct testing of com-
ponents and marginal checking. We be-
lieve that in the case of the circuits that
we use, both are desirable. The typical
stage in the computer is operated with the
vacuum tubes output limited by plate
saturation. Thus as the emission of the
tube deteriorates, there is for a long time
almost no effect on the output pulse char-
acteristics, and then quite suddenly the
output pulse becomes unacceptable. This
maintenance procedure has been quite
effective in catching the components
which are becoming weak and removing
them during the routine maintenance
period and before they have a chance to
cause difficulties in the problem computa-
tions. For example, during the past year
among the 64 N5 vacuum tubes, 410 have
been rejected as a part of preventive
maintenance, but only seven have been
removed for causing trouble during
scheduled problem time. This is an aver-
age of only one tube in nearly two months
that definitely failed during scheduled
problem times. Similarly, out of all the
thousands of germanium diodes that are
in the SEAC, only 20 have been removed
in the last year for causing trouble during
problem solutions. The great preponder-
ance of those which have been replaced
have been as a result of preventive main-
tenance operations. ’

I might discuss this question of com-
ponent reliability a bit at this point. One
naturally tends to assutne that in order to
insure reliable operation of large aggre-
gations of tubes and germanium diodes it
is necessary that each component be able
to be depended on for reliable operation
for a large number of thousands of hours.
This, it is true, is desirable but is by no
means necessary. If it is present it can
result in long periods of good operation be-
tween maintenance repair activities and
is the dream of every computer engineer.

On the other hand, though, on the large
installations where only a small fraction
of the cost of operation is necessary to
have maintenance personnel on hand
reasonably frequently, it is only necessary
that there be some reasonably simple test
which will permit the removal of those
elements which are likely to fail before the
next maintenance period. For example, if
one could predict the future operation of a
computer component for no more than
half a day but it only took a few minutes
of diagnostic test to locate those com-
ponents prone to failure in the next half
day, it would be entirely reasonable to do
this diagnostic test procedure a couple of
times a day, and the over-all problem-
solving performance of the computer
would be entirely satisfactory.

This is another way of saying that what
we need for reliable computer performance
is primarily predictably low failure rates
for a given period of time. If the failure is
unpredictable, it is necessary that the
failure rate be very low to permit reliable
operation. For instance, it would make
only a very modest difference to the
operating cost of a large computer if every
tube in it had to be changed after 1,000
hours, provided good operation is guaran-
teed for this time. As another example, a
vacuum tube which fails due to gradually
decreasing emission can easily be detected
by preventive maintenance and removed
before it causes any unreliability. On the
other hand, a vacuum tube which fails by
a sudden short circuit or by a suddenly
open-circuited filament is difficult to live
with.

This desirable predictability of perform-
ance has definitely been shown by the
diodes used and by the 64 N5 tubes. Itis
a very startling fact that so few tubes and
diodes have visibly failed during sched-
uled computations—only seven tubes
and 20 diodes in a year’s operation. This
leads a computer designer to look forward
to the time, maybe not this year or next,
but eventually, when equipment of this
degree of complexity can be so designed
that an over-all operating rate of 70 per
cent would be considered to be grossly in-
efficient.

Appendixl. 6ANS5 Test Specifi-
cations in SEAC

The 64 N5’s used in SEAC are tested as
follows, with 60 volts on plate and screen:

1. I, is read with 6.3 volts on the filament
with

(A) Grid grounded

(B) Grid at —5.7 volts
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2. Ipisread with 5.7 volts on the filament
with

(A) Grid grounded

(B) Grid at —5.7 volts

The tube is rejected if any one of the fol-
lowing conditions apply:

Reading 1(A) is under 25 milliamperes or
over 55 millamperes,

Reading 1(B) is greater than 8 milliam-
peres.

Reading 2(A) is less than 75 per cent of
1(A).

Reading 2(A) is less than 25 milliamperes
and also is less than 85 per cent of 1(A).

Appendix ll. Diode Test
Specifications in SEAC

All diodes are tested before clustering and
again before installation in the machine.

All diodes are kept under test for at least
0.5 minute on both the forward- and back-
current test, and the readings are taken at

the end of that period.

A “‘creeper” is a diode whose back current
is not steady, but tends to drift in either
direction. Such a diode is acceptable only
if its back current drifts less than 50 micro-
amperes in 0.5 minute and is stable at the
end of that period within the below specifi-
cations.

A “wiggler” is a diode whose back current
is not steady, but tends to vary suddenly
about some particular point. A “wiggler”’
is acceptable only if the total back current
variation is less than 10 microamperes and
is within the below specifications for a nor-
mal diode.

Acceptance specifications are given in

the following table:

At least 100 diodes of each shipment re-
ceived are tested at both room temperature
and 50 degrees centigrade, and the data
recorded for each individual diode. The
remainder of the diodes are tested first at
room temperature and to the room tem-
perature specifications. The ones which
pass this test are accepted without further
testing, but the diodes which fail the room
temperature test are tested again at 50 de-
grees centigrade for possible acceptance.
These diodes are left in the oven for at least
two hours at 50 degrees centigrade before
readings are taken. Any diodes which fail
both the room temperature and the 50-
degree centigrade test are absolute re-
jects.

Maximum Ip at 40 Volts

Normal

Maximum Ey at 20 Ma

Before Clustering...... 250 xa at 50°C

Before Installation..... 300 pa at 50°C

In Service............. {750 s, at 50°C

150 ua at room temp.......
{200 pa at room temp.......
400 pa at room temp.......

Creeper
100 pa at room temp........... 2.0 volts
150 pa at 50°C
150 pa at room temp........... 2.0 volts
200 pa at 50°C
250 pa at room temp,.......... 2.3 volts

500 ua at 50°C

Joint Discussion*

J. Naines (Northwestern University): Mr.
Slutz, would you please explain what you
mean by creeper failure with diodes?

R. J. Slutz: When you put a diode on a
test to watch its specifications, you observe
that a sizable percentage of the diodes do
not have a steady back current. For in-
stance, our particular test is made at 40
volts back voltage on a diode of essentially
the 1 N34 characteristic ( a little bit tighter
here and there). You observe when you
have tested a large number of diodes that
quite a few of them do not come to a fixed
back current when you first turn the voltage
on but gradually change over a period of
time. This may be for 10 seconds, it may be
for a minute or, in the case of some of them
we have observed, may carry on for several
hours, with the back current sometimes
gradually decreasing, sometimes gradually
increasing, and sometimes doing both, going
up for half a minute and then back down.

This kind of diode we define as a creeper,
the back current showing a gradual change.
We have found that there are enough of
them so that to kegp our machines supplied
with diodes we cannot throw all of them out.
Consequently, we have specifications which
allow for this phenomenon, and we con-
sider a diode acceptable for the machine if
(a) the total amount of creep over the
period of a minute is less than 50 microam-
peres and if (b) under these circumstances it
passes a somewhat tighter specification than
in the case of diodes which do not creep.

Similarly, you also find diodes which are
what we call wigglers, in which this charac-
teristic changes, not gradually, but very
abruptly. It may just jump from one cur-
rent value to another. Again we have not

* This joint discussion covers both this and the
preceding paper by S. N. Alexander on The
National Bureau of Standards FEastern Auto-
matic Computer.

felt it necessary to throw all these out of our
initial specification, but we do throw them
out if this jumping, (not a single jump, but
jump up, jump down, jump up, jump down),
is more than 10 microamperes. If it is less,
we are willing to accept it at the present
time.

I may complete that by saying we have
not thrown them out because we do not
know whether they are particularly poorer in
life than the others. OQur system now is set
up so that we can keep complete track of
every one of the 15,000 diodes in the ma-
chine, each of which has a number, and every
time it is tested its test is recorded against
that particular diode. We hope as time
goes on to get more information which will
show us whether or not we really should
throw out all these wigglers and creepers.

G. Hand (Technitrol Engineering Com-
pany): The question I have concerns the
wide use of plug-in techniques. I would like
to know if you have experienced any large
failure of plugs and sockets.

R. J. Slutz: We have had a phenomenally
low failure rate in plugs and sockets. The
commonest plug-in arrangement actually
used in the machine at the present time is the
standard octal tube base and tube socket,
which was chosen for availability and cost.
It is an inexpensive combination to use as
the standard plug-in unit for assemblies of
diodes and for pulse transformers and delay
lines. The failure rate of these plugs and
sockets is not significant. I think since the
project has started we have replaced, per-
haps, three of these octal tube sockets in the
entire machine.

L. F. G. Jones (Eckert-Mauchly Com-
puter Corporation): On your 64N§’s do
you operate the heaters at reduced voltage
or are they operated at exactly 6.3 volts?

R. J. Slutz: We try to operate them
fairly near to 6.3 volts, although again in
view of the experimental nature of the
SEAC, we do not attempt to hold it too
closely, as a matter of fact. The filament
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transformer is on the bottom of the rack
and usually adjusted so that the tubes in the
bottom rows are held pretty nearly at 6.3
volts. As you go up the rack, they drop
down to about 6 volts, or even 5.9 at the
very top. We know this and we have left it
in the machine. We are keeping records on
the filament voltages of the individual
tubes. When a tube fails, the filament volt-
age at that particular socket is measured
and recorded, and eventually, as data goes
on, we hope to be able to break it down in
accordance with filament voltage to see if
we get significantly different records for
tubes run at 6.3, at 6.15, and 6.0.

L. F. G. Jones: How many channels do
you have on your magnetic tape?

R. J. Slutz: We have one channel on the
currently used magnetic tapes, on the 0.25
inch tape, using a standard audio recording
and reading head, which I believe leaves an
eighth of an inch wide channel. Experience
indicates that this tends to reduce the
number of errors produced by dust particles
getting onto the tape and from the number
of flaws as compared to what you would get
in very narrow channels.

A. S. Roberts (Rector, Pa.): On your
plug-in components, do you replace them in
the same location after testing? In other
words, do they go back in the identical spot
in the circuit?

R. J. Slutz: Yes.

A. S. Roberts: Does that include tubes,
too?

R. J. Slutz: Yes; each tube is numbered
and it goes in the same socket after testing.

J. Levy (Arlington, Va): There is an ap-
parent plateau in the curves of tube life in
the failures, which seems to be cyclic. Has
there been any attempt to correlate this
data? Do you correlate manufacturer’s
tube Iots with your overhaul and inspection
reports?

R. J. Slutz: You say the plateau seems to
be cyclic?

J. Levy: About every three points there
was a flattening and then drop, and three
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points later a flattening and drop-this may
only be apparent-it may not be really a
plateau.

R. J. Slutz: I have not felt that the de-
tails within three or four points were really
reliable.

J. Levy: This may need some action by
the tube manufacturer in his test program if
it can be correlated with particular lots.

R. E. Wilson (Radio Corporation of
America): Dr., Alexander, you explained
that your pulses are distributed at low im-
pedance. I would be interested in knowing
what the pulse level is and what the maxi-
mum cross-talk level measures?

S. N. Alexander: By our definition the
cross-talk level is zero, simply because it is
below the clipping level. This clipping level
was set by the inherent disturbance signals
that occur in the germanium diode gating
circuits. We found that when we had com-
pleted the design of these circuits so that
they would discriminate against the in-
herent disturbance signals, the cross-talk
from other circuits was less than these dis-
turbance signals. It is very hard to define an
impedance level in nonlinear circuits, but
the average volt-ampere impedance level in

SEAC is of the order of 300 ohms and the
signal level of the order of 17 volts. With
clamping and disconnecting circuits used
throughout, the grids of the tubes simply see
no signals unless the driving source can
override the clamping and disconnect
diodes and get above the clipping level.

I might say this is an example of the virtue
of operating with telegraphy—all the old
troubles of telephony technique go out the
window. You have new kinds of troubles—
different kinds of troubles—but you do get
the advantage of zero disturbance up to a
certain threshold.

J. Paivinen (Burroughs Adding Machine
Company): Would you care to indicate
something of the minimum performance
characteristics assumed in your pulse circuit
design and the possible effects on any bot-
tomed operation that might be useable in
the design of the machine with the 64 N5.

R. J. Slutz: The 64 N5 we test for a mini-
mum, at 60 volts on the plate and the screen,
of 25 milliamperes plate current. In ad-
dition, we reject if there is a change in plate
current of 25 per cent for a drop in filament
voltage of 10 per cent. We also reject it if
the change in plate current is 15 per cent for

a drop of filament voltage of 10 per cent, and
the lower of these two values of plate current
is less than 25 milliamperes. The complete
specifications are given in the paper.

The bottomed operation gives a uniform-
ity of pulse output regardless of the strength
of the tube. The plate current on test at 60
volts on the plate and screen may vary from
25 to 50 milliamperes, but the pulse out of
that typical stage will vary at most by no
more than about 5 to 10 per cent between
these two tubes.

Because the tube is operating bottomed
we do not attain standard plate dissipation.
The limitation in dissipation is for the screen
grid; the plate therefore is runting cooler
than the allowed manufacturer’s rating.
We believe that this probably gives us a
trifle better life than would be the case if
both the plate and screen were run at full
plate dissipation.

J. F. Lash (General Motors Research
Laboratory): I wonder if you could tell me
approximately what is the maximum footage
of magnetic tape that you run into the cells
of the tape handling mechanism.

R. J. Slutz: A regular reel of tape, about
1,200 feet, is used in each bin.

Computing Machines in Alircraft

Engineering

CHARLES R, STRANG

HAVE heen specifically asked to pre-

sent a user’s critical view of comput-
ing machinery with emphasis on its limi-
tations.

This is an inversion of the situation in
which aircraft manufacturers usually
find themselves. We are normally the
supplier rather than the user, and the
users of our products rarely need this
much encouragement to present their
views of us very critically indeed.

Aircraft, like computing machines, are
complicated to design and difficult to
build. You will {ind those who struggle
with aircraft design problems under-
standing and sympathetic with the diffi-
culties involved in computing machine
design.

We have gomne far enough to see that
there are special problems in making
really full scale use of machine computing
in our engineering work. There are
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marked differences between our work and,
the more academic or scientific applica-
tions for which many of the present ma-
chines were developed. I will try to con-
vey an understanding of what our work
is like.

Before I do make such comments as I
have in mind, I should perhaps give some
idea of how much of a user of computing
equipment the Douglas Company has
actually been, so that you may judge how
to evaluate my remarks. In considering
these data it should be kept in mind that
we take a rather hard-boiled engineering
view of our own work. We do not fancy
ourselves as scientists and we do not
undertake mathematical investigations
for the sheer intellectual joy of doing so.
Furthermore I do not wish to leave the
impression that everything we do is de-
pendent on large scale calculation. I sup-
pose about 15 to 20 per cent our total

work is mathematical in nature. Much
of that work is a miscellany of casual
calculations too small to benefit from high
speed computing machinery. On the
other hand, a great deal of our mathe-
matical work tends to be concerned with
operations that occur early in the forma-
tive stages of the design when much of
what follows can only be tentative until
the calculations are well advanced. Most
of the remainder is concerned with formal
demonstration that the design complies
with all its requirements.

A few miscellaneous numbers may serve
to give some idea of the scale of present-
day aircraft engineering and manufactur-
ing operations. For example, if we were
to commit ourselves today to a 4-engine
jet transport development program
(which, incidentally, the newspapers say
we should do) the cost up to first flight
would not be less than $25,000,000, and
probably more. The business risk in-
volved is very much greater than that
figure because competitive sales prices
have to be set at a level such that a con-
siderable number of airplanes must be
sold before the break-even point_ is
reached. As an example of engineering

CHARLES R. STRANG is with the Douglas Aircraft
Company, Incorporated, Santa Monica, Calif.
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Figure 1. Growth in number of personnel
needed for computing equipment

effort involved, the engineering man-
hours devoted to the DC-6 up to first
flight was about 1,295,000 hours and up
to now totals about 3,275,000 hours.
The DC-6 itself was a development of the
DC-4 on which engineering time totals
some 3,850,000 hours. A grand total of
7,125,000 man-hours poured into the de-
velopment of a specific type! There
are over 250 engineering personnel work-
ing on the DC-6 right now out of a total
of something over 3,000.

Douglas Use of Computing
Equipment

Against this background, Figure 1
shows the growth in number of personnel
whose time was fully devoted to manip-
ulating such computing equipment as we
have had installed on our premises. It
does not include the time of the engineer-
ing personnel who were the customers for
the computing services and who partici-
pated in its performance. Nor does it in-
clude the staffs of outside equipment
when working on our problems. Ob-
viously, beyond this present date, we can
only estimate the probable number of
people whose services will be required.
We have done so on the basis of the ad-
ditional equipment on order and still to
be received up through the end of 1952.
As a parenthetical remark, the majority of
these people have backgrounds in clas-
sical mathematics and physics. In the
present shortage of trained engineering
personnel it is important to us that com-
puting machinery has enabled us to take
real advantage of the services of a group
of people whose training would otherwise
have been of limited value to us.

Figure 2 shows the growth of the floor
space that has had to be devoted to the
installation of computing machines in our
Southern California plants.

In talking about computing machines,
one always seems to get around to the
subject of power consumption. To re-
main in the tradition, Figure 3 plots the
total power requirements of the various
equipment as anticipated up through the

end of 1952. These considerations are
minor by comparison with the question of
dollars involved. Figure 4 indicates the
order of the direct cost in terms of actual
machine cost or rental, salaries and di-
rectly chargeable items, but not includ-
ing general plant overhead, as antici-
pated up through the end of 1952.

There has unquestionably been an ap-
preciable dollar saving in the accomplish-
ment of work by machine versus manual
methods. This direct saving is only one
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Figure 2. Growth of floor space needed for
installation of computing machines in Southern
California plants

of several reasons for our interest in com-
puting machinery. As we shall see later,
refined engineering design is a repetitive
process. Where machine computing
makes it economically feasible to ac-

- complish a closer approach to the ideal,

the value realized in terms of a better de-
sign has a magnitude hard to determine in
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Figure 3. Total anticipated power require-
ments for equipment through 1952

dollars and cents. Most vital of all is
the saving in elapsed time. As I men-
tioned previously, much of the work to be
done during the formative stagesof a de-
sign is only tentative. It is subject to
change and deprived of final status until
a large and growing volume of calcula-
tions are performed. When that work
can proceed on a more firm basis, much
waste of engineering time is avoided.
Here a real saving is accomplished in the
effectiveness of the work of hundreds of
engineering personnel who may have had
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nothing whatever to do with the comput-
ing machines. In another sense, we are
engaged in a military race. You will have
to put your own dollars and cents value
on winning versus losing.

Types of Machines Used

Up to this time the equipment actually
installed in our plants has been a chang-
ing combipatiori of IBM punched card
tabulating machinery. However, Fig-
ures 1 through 4 reflect the fact that an
electrical analogue machine of the type
developed at California Institute of
Technology by Dr. McCann and his as-
sociates, and being built by the William
Miller Company of Pasadena under the
guidance of Dr. McCann, is scheduled to
go into service in January 1952. The
nature of that equipment and some of the
techniques developed for its use have ap-
peared in AIEE and IRE papers by Dr.
McCann.1=? The curves also anticipate
the installation of a new Reeves Electric
Analogue Computer. It is scheduled to
take over in March 1952 the work that
now is being done on another similar in-
stallation outside of the Douglas Com-
pany. The large jump in dollars and
power consumptioh shown at the end of
1952 reflect the hope that at that time the
two IBM Defense Calculators currently
on order will be available and actually go
into service. Equipment-wise this adds
up, at the end of 1952, to

2 Defense Calculators (IBM)

5 Card Programmed Calculators (IBM)

1 \electrical analogue (William Miller Com-
pany)

1 REAC (Reeves Instrument Company)

Miscellaneous IBM 604 electronic calcula-
tors and associated equipment

This equipment will be distributed, as
our present equipment is now, among ‘the
three Douglas Company plants in the
Los Angeles area.

In addition to these facilities which are
operated as an integral part of our en-
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Figure 4. Cost in terms of machine cost or
rental, salaries, and directly chargeable items
not including plant overhead
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gineering departments, we have had a
number of projects which for one reason
or another were carried out on various
outside computing facilities. In such
cases, of course, the projects were con-
ducted largely by the staffs associated
with those facilities. These have in-
cluded a number of investigations, some
of them extremely interesting in their na-
ture, on the

MIT Meteor
Analogue (California Institute of Tech-
nology)

General Electric Mechanical Differential
Analyzer (University of California at Los
Angeles)

Thermal Analyzer (University of California
at Los Angeles)

Bell Telephone Company G.P A.C,
Project Typhoon

Project Cyclone

REAC

As a company we have designed and
built several devices in the general cate-
gory of computing equipment. Also, in
the normal course of:our work on several
missile projects, we have been exposed to
the computing equipment phases of the
guidance systems involved.

Problems Solved

A tabulation of projects is a dull and

dry way of conveying the idea of what we-

have been doing with these facilities, but
at least it is a compact way of doing so.
Figure 5 lists the projects in broad general
classifications which indicate their physi-
cal nature, together with the nature of the
controlling mathematical procedures in-
volved. The list is not complete and does
not by any means represent all of the ap-
plications which the total scope of our en-
gineering work will ultimately require.

Up to this point, I have presented in a
necessarily superficial way enough data
to show something of the scale of our work
on, and our familiarity with, computing
devices. I also have indicated the rate at
which that phase of our work is growing,
how it compares with the total engineer-
ing operation, and something of what
has so far been done with it.

To those of you to whom the scale of
these operations seems large, the question
will naturally arise as to what is so par-
ticularly difficult about airframe design
as to really need so much engineering and
computing. The answer is sardonically
implied in one of our favorite definitions
of our own products, which declares that
an airplane is a thing that almost doesn’t
work—and a missile is a thing that al-
most does! The difficulties involved are
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amply attested to by the unfortunate fact
that most airplane designs are failures.
In our philosophy a successful airplane is
one that contributes more to society than
it costs. We believe that when a particu-
lar design satisfies this definition its his-
tory will be characterized by long produc-
tion life, repeated reorders, and wide ap-
plication. There have been thousands of
different airplanes designed and built in
the last 45 years and pitifully few that
could be considered successful by such a
standard. Furthermore the technical dif-
ficulty involved goes up by leaps and
bounds with increasing flight speeds.

Unhappily the cost involved goes up to

some power of these complications and
the penalties for inadequate or mis-
directed engineering effort go up accord-

ingly.
The Engineering Method

I am aware that the more scientifically
minded sometimes tend to be horrified
and disappointed with us as engineers
when they discover how we operate.
Unfortunately the present state of the
engineering art does not permit us to
solve directly for a design of anything to
do any stipulated job. We have to work
the other way around. A design is pro-
posed that might do the job. All our
techniques are such that they pertain to
the performance of the proposed design.
This performance is then compared with
the desired and, in general, is found want-
ing. The proposed design is changed, the
technique applied again, and the new per-
formance compared with the desired, and
so on ad nauseum. This is true whether
the problem involved is large or small.
Whether it is the design of a structural
member to carry a load, a supercharger
vane to move enough air, or an airplane
to possess a given rate of climb with one

engine out, gears up, and flaps down, for
example. Furthermore the total number
of variables involved are so great that no
one has vet proposed a computing facil-
ity that could handle them all as one
problem, even if we had reached the
stage where we could express them as one
problem.

The user soon finds that one of his
biggest problems is to develop a proper
sense of proportion. He finds himself
suddenly in possession of relatively
tremendous mathematical power. If we
are, typical examples, he is intellectually
unprepared for mature use of that
power. The state of his art is not built on
availability of such power, but on the con-
trary, consists of a bag of tricks to enable
him to get along without it. He is hard
put to direct it always either to that back-
log of work he would have to do anyway
by other and slower methods—or to such
new applications as truly benefit his de-
sign purpose. The temptation to waste
that power away on fancy business, and
investigations he could well do without,
is tremendous.

Digital Versus Analogue Machines

Although your interest here lies pri-
marily indigital machines, we have found it
desirable to use both physical and mathe-
matical analogues as well as digital ma-
chines and expect to continue to use them
indefinitely. Asusers we take a dim view
of futile arguments as to the relative
merits of digital versus analogue ma-
chines, or mathematical analogues versus
true physical analogues. We think there
is room, and need, for.all. Our interests
would be better served if the proponents

Figure 5. Some typical aircraft engineering
problems solved using automatic computing
equipment
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of each took a generous view of the ad-
vantages of the other and tried to incor-
porate comparable advantages in their
own design.

I have selected two particular applica-
tions to tell you about in a descriptive
nontechnical way to convey to you some-
thing of the situation into which comput-
ing machinery must fit to become an in-
tegral fully effective part of an operat-
ing engineering department.

The first application selected as an
example is a flutter problem. The flat
plane of a wing or tail surface forced
through the air edgewise wants to wave
like a flag, that is, to flutter. Deflection
modes of wings, fuselage, and tail sur-
faces may want to interact with and
mutually reinforce each other. Since
they are meanwhile deriving energy from
the passing air stream, a sufficiently high
speed will cause the oscillations to build
up to the point that something fails.
The mechanism is very much as if the
aerodynamic forces interacting with the
elastic and inertia forces within the
structures had constituted themselves
into a mechanical analogy of what is going
on electrically in an oscillating electrical
circuit. Or it could be compared to the
stability of a closed loop servo system.
It is our purpose as designers to keep the
critical speed at which this whole process
becomes catastrophic safely above any
speed at which the particular airplane or

a2 aty maty a%a \ ay
—|EX + :tsa-a-;—=-'ﬂpb(x)

missile will ever fly.

The flutter problem is one of aeronauti-
cal engineering’s most difficult problems
to deal with mathematically. It was one
of the first on which we brought digital
machine computing methods to bear.
During the last six years the mathemati-
cal procedures involved have been
adapted to IBM punched card tabulating
and computing equipment to the point
that about 90 to 95 per cent of the work
is mechanized. This has benefitted us
enormously at a time when much higher
flight speeds and the thin airplane and
missile surfaces typical of high speed de-
sign have greatly increased the prob-
ability of flutter. Our small group of
flutter engineers aided by machine com-
puting have dealt with more flutter in-
vestigations in the last few years than
those engineers would normally have
seen in a lifetime.

Figure 6 gives a typical formal mathe-
matical statement of the problem. I
am told that these may be described as
simultaneous, 4th order, integro-partial
differential equations. From the hard-
boiled engineering point of view I re-
ferred to earlier, it is simpler to describe
them as a mathematical mess. The air-
plane in question had been carried into an
advanced phase of its design with some
eight months of work by several hundred
design personnel involved when a pre-
liminary conventional flutter analysis in-

dicated that the critical flutter speed was
far too low. This was an unusual situa-
tion in every respect. The traditional
procedure until recently would have been
for the design to be completed, the proto-
type airplane built, and natural frequen-
cies and modes determined by forced vibra-
tion of the prototype. Months of calcula-
tions based on these data would then be
carried out. These would normally be
completed at about the time the airplane
was ready for actual flight. At this
point it would be found that the flutter
speed was not critical. No one except
the flutter engineers who had been toiling
industriously away in the background for
months would even be aware that any-
body had considered the problem. How-
ever, this particular design was progres-
sive and far from conventional. There-
fore every effort had been made to carry
out a preliminary analysis, even though
the work had to be based on sheer esti-
mates of the parameters involved. To
find that the design might be heir to
flutter trouble this early in the game was
an accomplishment in itself, but a hor-
rible state of affairs,

To meet the emergency and supplement
the usual approach it was decided to deal
with the problem in all its ramifications
on the analogue machine at California In-

Figure 6. Typical wing bending-torsion futter
equations
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stitute of Technology. It was necessary
to supplement the machine with addi-
tional equipment which had to be de-
signed for the purpose and this of course
took time to do. Figure 7 indicates the
general nature of the circuitry involved.
During the preliminary analysis stages,
the analogue confirmed the predictions of
the conventional analysis that flutter was
inevitable. Design changes to affect a
cure were considered to the tune of 126
separate investigations of mathematical
systems similar to those shown by Figure
6 except that the actual case was appre-
ciably more complex. After design deci-
sions based on these 126 solutions had
firmed up the redesign, the nearly final
version was again put back into the ma-
chine and 50 more solutions covering
numerous variations were made. It
was a time consuming project to carry out
this enormous volume of work. It did
necessitate changes in the configuration
of the airplane and the addition of struc-
tural weight. This latter is a thing that
an aeronautical engineer resorts to with
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Figure 7. Circuit for typical wing bending-
torsion flutter problem

a reluctance that is the essence of his
profession. It is conceivable that the en-
tire project might have been an utter
failure without the accomplishment of the
work that I have described in such an
over-simplified fashion. On the other
hand, while it was being accomplished
the entire project was delayed to one de-
gree or another, schedules were thrown
off, costs were going up and time was go-
ing by. The management’s reaction was
to arrange for the construction of a simi-
lar analogue computer so that it could be
brought to bear on such problems at the
earliest possible moment. This is the
equipment that I mentioned earlier as
scheduled for completion in January
1952. )

Two basic points I would like you to
extract from this short story—one is the
number of times that the solution had to
be carried through—176 times—the other
is a sense of the compulsion under which

the men were working who carried out
the project.

A Catapult Problem

The second case that I am about to de-
scribe is a physical system not so mys-
terious to deal with but equally typical
of our problems. It has to do with solv-
ing the equations of motion of a cata-
pulted airplane at the instant itisairborne.
It is typical of that class of problems
which are fundamentally simple but be-
come odious mathematically when many
necessary details are taken into account.
When a mission requires a naval airplane
operating from a carrier to take off at
weights greater than it can take off under
its own power, some assistance, usually
in the form of a catapult, is used to attain
flight speed. Conventional tail wheel air-
planes rolling down the deck with the tail
wheel in contact are in a tail-down high-
lift attitude suitable for flight at the
speeds at which they reach the take-off
end of the deck. No particular problem
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except the attainment of the necessary
speed is involved. More modern nose-
wheel type airplanes, on the contrary,
reach take-off at a flatter angle, which
the pilot has to correct as he leaves the
deck. When nose-wheel type airplanes
began to be used on carriers, the carriers
had become pretty big. Flight decks were
about 70 feet above the water. The pilot
had about two seconds to collect his wits,
get his airplane into flight attitude, and
be on his way. This is obviously a pretty
marginal operation, but it has been a
highly successful one.

Figure 8 is a diagram of a tricycle gear
airplane intended for such operations.
The design was carried out, the prototype
airplane was built and put through our
manufacturer’s flight test. It was then
delivered Lo the Navy for continued flight
testing, including simulated carrier flying.
By this time production versions of the
airplane were moving down the assembly
line. This was the situation when it was
decided that this would be the airplane
on which carrier operations in bad weather
and night flying, or both, should be
undertaken. Now this was a horse of a
different, and very dark, color. Flying
off into the rain and darkness must be
done on instruments. When subjected to
catapulting accelerations, the instrument
gyros must be caged. The pilot who in
good weather day flying had two seconds
to collect his wits and clear an ocean he
could see 70 feet below him—now has the
same two seconds to collect his wits, un-
cage his gyros, focus his attention on his
flight instrument group—and fly off into
the stormy darkness on instruments with-
out dropping into an ocean that he can
not see! It turns out, incredibly enough,
that the boys can do that, too—if the air-
plane isn’t pitching unpleasantly at the
moment it is catapulted. Unhappily, the
Navy flight tests showed that this was
exactly what it was doing. It was ab-
solutely necessary that some combina-
tion of dimensions and forces be found
which would automatically deliver the
airplane at the end of the run possessed of
an angular motion that would help the
pilot through his critical first two seconds.

This now brings us to our problem, and
to the equations of motion given on Figure
8. These describe, simply enough, the
fact that such an airplane, during the
few seconds of its catapulting run and
under the influence of all the forces act-
ing during that time, tends to rock back
and forth alternately between nose wheel
and tail wheel. Each of these introduce
forces which are functions of the load-
stroke characteristics of their respective
shock absorbing systems. These forces,

incidentally, not only inject mathematical
discontinuities but involve a hysteresis
loop that is the result of the fact that the
load-stroke curve is not the same when
the shock strut is moving in as it is when
the shock strut is moving out. In other
words, these discontinuous forces are non-
linear. Lift, drag, thrust, and accelera-
tion forces are, of course, changing con-
tinuously. Taking all these mathemati-
cal horrors into account expands the
simple equations of motion shown on
Figure 8 into the state of affairs shown by
Figure 9. These would obviously be long
and arduous to solve by manual methods,
as we found out when we tried to doitona
much simpler version than this.

The problem'was set up for solution on
an International Business Machine Card-
Programmed Calculator, fortunately
equipped with two storage banks. The
procedures involved have been described
in detail in a published paper by John
Lowe,* who is the supervisorof Computing
Engineering at the Santa Monica plant of
Douglas Aircraft. Investigating the ef-
fect of changes in the location of the cata-
pulting force, the characteristics of the
shock absorbing systems, the physical
location of the gears, different wind
speeds over the deck, et cetera, made it
necessary to carry out that procedure
some 55 times. The design features that
were incorporated in the airplane as a re-
sult of these calculations were checked
against flight tests carried out by the
Navy, and the results were in excellent
agreement. The modifications to the de-
sign were successful in delivering the air-
plane off the deck automatically under
conditions the pilots are well able to
handle. In fact it was so successful that
we now have to go through the whole
procedure for four other airplanes! In
the meantime, I think it is interesting and
significant that the difficulties involved
were such that we could not be assured of
success. Therefore, while the calcula-
tions were being carried out, the Navy
hedged its bet by paralleling our work
with a flight test program to which some
50 hours of flight time were devoted.

Fifty hours is a great deal ot flying when
you are only interested in the first few
seconds of each flight. When weighing
computing costs, it is fair to remember
that a 50-hour flight test on this kind of
equipment will buy a lot of computing
machires. Now again I would like you to
observe the same two basic points—the
number of times that the solutions had to
be carried out, and the sense of urgency
under which the ‘men worked who car-
ried it out.

You may ask why the catapult problem
was not put on the analogue. It will not
be necessary even to argue the relative
merits of the two types of equipment.
The fact is that for the flutter job I de-
scribed first we had already contracted
for all the analogue time available to us.
Both these problems were going on at the
same time. They had two of the most
powerful machines in the Los Angeles
area tied up almost completely for weeks.
These two problems were not even on the
same airplane, and they were not the only
airplanes we were working on. Hun-
dreds of other problems were given slight
treatment or none during that period~

To describe a really full-scale use of an
adequate computing facility in a large
engineering effort it would be necessary
to multiply such situations as I have just
described by perhaps several hundred
times.

These are fed into the computing
facility from a number of engineering
specialty groups. The computing facility
finds itself taking them all on at once like
a master chess player playing many games
simultaneously. Moving from one to
another continually but returning peri-
odically to the later developments of each
problem in turn. Our operations to date
are very very far from such a scale. For-
tunately we have had six years to come

SIGN_CONVENTION CORICIN AT C6)
ZFe~ POSITIVE TO THE RIGHT
ZFy—POSITIVE UP
ZMgg — POSITIVE NOSE-uP

BRIDLE
SHUTTLE — Fi

/—CARRIER DECK

Figure 8. Cata-
pult take-off dia-
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as far as we have. I think we needed
that preparation to arrive at a point
where we have any hope of effectively
using the relatively tremendous power
of the equipment we are to start using
over the next 12 months. How far that
equipment will take us towards realizing
such an increase in the number of prob-
lems we can deal with I cannot guess.
However, I doubt very seriously whether
it will make it possible to do all that we
would like to be able to do. The reason
for that, as you can see from what I
have said, lies entirely in the fact that for
some years to come our concern in realiz-
ing full utility from big machines will not
be in solving a few big problems but will
be in the more agile handling of enormous
numbers of problems. Some of them will
be larger, some smaller, than I have dis-
cussed here—but on the average of about
that order.

Some Machine Design Objectives

The design of any machine is a matter
of compromise and balance of its func-
tions for the purpose intended. I am
sure this balance has been earnestly
sought in the design of all big computing
machines. Almost everything I have
said has been calculated to show the im-
portance, to such users as ourselves, of
really flexible input and output equip-
ment.

100

K's = Kg (12 Kas) WHEN ¥n <V,

K'is = Kis (1= K3g)

Kas is POSITIVE

WHEN §pn>7¥p., Kas 15 NEGATIVE

WHEN ¥n <Y,
WHEN ¥, >Y,.,

K;e is POSITIVE
K3g 1s NEGATIVE

K's= Keo(Ksz=¥ )+ Kg WHEN y< Ksp

h= Kpg sin(p-a)-Kyqpcos(p-a)

Figure 9. Catapult take-off analysis

It seems to me that most of the ma-
chines I know about are much cleverer
in their internal operating philosophy
than they are in their input and output
devices. In our case, as we have seen,
normal usage requires many repetitions
of a given procedure, each time with
changes in some of the initial parameters.
We typically find on examination that
nine times out of ten we have no further
interest in the results but must try again.
We must be able to completely remove
the problem from and later return it to the
machines at will. In such a case, ob-
viously the design balance has to be
shifted to a much heavier emphasis on the
input and output equipment.

I am not saying that the input equip-
ment and coding must be simple, though
that would be nice. I am saying that
it should be possible to perform those
operations without tying up the computer
itself.

Obviously, mechanization of the coding
process by coding machines like Dr. Aiken
has been developing are very much to the
point. In the case of the output equip-
ment the same sort of reasoning applies.
We would not be interested in perma-
nent records of most runs. We are in-
terested in knowing immediately what
the results have been. Some device
that permits scanning of selected values
from the internal storage, such as has
recently been done on a display cathode-
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ray tube on Project Whirlwind, is ex-
cellent. Then we are in a position to
examine the effects of the last change.
We can either determine what to change
next, or decide that we are satisfied
and that we do want a permanent rec-
ord. Alternatively, we can decide that
we want that problem completely off the
machine to take time to study what to
do next. If the machine has a printer
output, it should be possible to free the
main machine by clearing its storage
into an auxiliary storage and printing
out from there. But we should ordinarily
not have to do that to find out what is in
the storage.

Conclusion

In conclusion, our engineering use of
computing machinery has progressively
increased in scope and magnitude during
these past six years. At the beginning
of that period weapplied machine methods
on a very modest scale. We did so in
the hope that it would be the eventual
means of breaking our major design bottle-

. neck—the ever growing volume of math-

ematical investigation demanded by mod-
ern aircraft. Machine computing has
been at least partially successful in ac-
complishing that purpose. The scale
of our operations has grown naturally
from its tentative beginuings to the point
that machine computing is definitely
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indispensable now. It is becoming in-
creasingly vital at a startling rate.
Computing machines are themselves
an engineering product. It is entirely
likely that, in their ultimate develop-
ment, the engineering profession itself
will be the biggest user of that product.
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A Review of the Bell Laboratories’
Digital Computer Developments

E. G. ANDREWS

HE Bell Telephone Laboratories

have designed and built seven digital
computers. They are all’ electro-me-
chanical types using telephone systems
relays and teletype transmitting and
recording devices as their principal
apparatus elements.

This succession of developments had
its origin in 1938 in the mind of Dr.
George R. Stibitz, then a research mathe-
matician with the Bell Laboratories
Stibitz observed that in one laboratories’
development area, a considerable portion
of computing effort involved complex
number arithmetic computations. An-
other development area was designing
dial systems using relays and crossbar
switches as the principal. apparatus.
Stibitz recognized that the design tech-
niques employed by this latter group were
directly applicable to a systems design
which could also produce a computing
system for the first group. He designed
such a system. He called it a ‘‘com-
plex number computer.”

Mr. Samuel B. Williams, a telephone
systems design engineer, supervised the
engineering and manufacturing of this
early computer. It is believed that he
thus became the one who first produced
an automatic digital computer for purely
scientific computing.

Dr. Thornton C. Fry* publicized this
creation before the Mathematical Society
at Dartmouth in the fall of 1940.!
Demonstration equipment consisting of
a keyboard input device and a teletype-

* Subsequent to the original publication of this
paper, it has been brought to the attention of the
author that the paper describing the computer was
delivered at the meeting by G. R. Stibitz. The
local arrangements for the remote control operation
were supervised by T. C. Fry.

writer for recording answers was installed
at the University. This equipment was
connected by a telephone circuit with
the computer in New York. Those
attending the conference placed their
own test problems on the keyboard at
Hanover, N. H. The computer in New
York made the computation and con-
trolled the printing of the answer on the
teletypewriter at Hanover. The com-
plete operation required about 1 minute.
This feat of remote control operation
was not to be duplicated until a computer
conference was held in Washington,
D. C,, 10 years later.

With this complex number computer
as the pioneer and with the Model VI
as its latest achievement, the Bell
Laboratories computer development has
spanned the pre-electronic computer
development era. The seven computers
now are known by Model numbers,
with Model I being the designation of
the complex number computer. Two
Model V computers were built. Table I
shows some statistical information about
their size and use. The Models V and
VI, although operating at electromechani-
cal speed, offer several challenges to cut-
rent electronic computers. While the
same cannot be said of the Models I to
IV, nevertheless, they have features of
interest.

Model I

The Model I conststed of about 400
relays and ten crossbar switches. It was
operated from anyof threestations located
in various parts of the Laboratories’ 463
West Street building. The station equip-
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ment consisted of a number of push
button keys for originating a problem
and a teletypewriter for recording the
answer. It is the only one of the seven
computers to employ crossbar switches.

Fundamentally, the Model I could
handle only two kinds of problems,
multiplication and division of complex
numbers. The results of successive such
problems could be accumulated when the
operator required it. This feature made
it feasible to add and subtract complex
numbers, By multiplying a number by
41 or —1 with the accumulator key
operated, the number was added to,
or subtracted from the previous accumu-
lation.

This computer operated with binary
coded decimal notation, with the decimal
digits 0 to 9 being represented by the
binary numbers 0011 to 1100. The input
and output information consisted of
eight place numbers, but the calculator’
carried operations out to ten places, the
two extra places being used to improve
accuracy when accumulating the re-
sults of several problems.

The Model I was in daily use until
1949 when it was removed from service
due to obsolesence and to make way for
its successor, the Model VI,

Model IT

The Model 1I%3¢ was built for the
National Defense Research Council and
placed in operation in September 1943.
It is truly a special purpose computer.
Its purpose was to handle some special-
ized fire control computing for several
months. But on the completion of this
computing assignment, new problems
arose. It is still in service.

It has about 440 relays It uses
paper tape input and output. It has a
flexible control provided by external

E. G. ANDREWS is with the Bell Telephone Labora-
tories, New.York, N. V.
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Model lll computer.

Figure 1.

problem programming. The program is
perforated on a tape which is made into a
loop. The control unit recognizes 31
instructions which include the addresses
of the registers.

The calculator and registers employ
the bi-quinary number representation
with its self-checking features. The
Model II has had no respite. It is
still in operation at the Naval Research
Laboratory and is operated under the
supervision of Mr. B. L. Sarahan.

Model III

The Model III® was built for the Na-
tional Defense Research Council and
placed in service in June 1944 at Camp
Davis, N. C. It was designed to handle
several kinds of problems concerned with
the testing of fire control equipment. In
this sense, it is a special purpose computer.
However, it is sometimes thought of as
being a general purpose computer in a
limited sense because it handles many
types of problems very creditably.

Figure 1 shows the computer as origi-
nally delivered. It then had about 1,400
relays and used seven pieces of teletype
equipment. The control equipment (not
shown) was located in an adjoining build-
ing. It was subsequently expanded as
will be described later. Many features,
new in the computing art, made their
initial appearance in this computer.
The foremost of these is the 100 per cent
self-checking of all operations. Our en-
gineers believe that they have achieved
a design in the Model ITI and its succes-
sors, which positively stops the machine
on any kind of a single failure. Most
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combinations of two or more simul-
taneous failures also stop the machine.
The merits of this feature will be dis-
cussed further in the summary.

A second feature worthy of special
note is the calculator. Almost single
handed, Mr. E. L. Vibbard, a dial systems
telephone switching development engineer
designed a calculator employing the bi-
quinary notation and using the multi-
plication table principle for multipli-
cation and division operations. Those
who are familiar with the design details
of the calculators in all seven of the com-
puters generally agree that from the
viewpoint of logic of design and ease of
understanding its operation, this cal-
culator is the Bell Laboratories’ best.

Other mnoteworthy features of the
Model III are: table hunting, double
entry interpolation, subscript notation
(to be described), storage tape operation,
and unattended operation. One part
of the principal problem handled on
this machine requires that a cubic be
fitted to four items of empirical data.
The four items are functions of four
values of time, T_, Ty, T4, and T,
With the value Ty calculated, the Model
111 readily obtains the data corresponding
to the four subscript values. Only the
Models III and IV have this feature.

When' the Army Field Forces Board
Number 4 moved from Camp Davis to
Fort Bliss, Tex., they took the Model ITI
with them. In 1949 extensive changes
were made to increase its general use-
fulness by increasing the storage capacity
and adding more flexibility to the pro-
gramming provxslons This computer
has been in constant use. It is being

operated under the supervision of Mr.
Neison E. Sowers.

Model IV

The Model IV® computer was built for
Naval Ordnance to do the same kind of
computing as the Model III. In its
general appearance, it differs little from
the Model III, but some changes were
necessary to enable the Model IV to
cope with {trigonometric functions of
angles from —90 degrees to 360
degrees. In Naval circles, this computer
is known as the MARK 22 computer. It
was placed in service at the Naval Re-
search Laboratory in March 1945 and
has been in constant use. Like the
Model 11, it is operated under the super-
vision of Mr. B. L. Sarahan.

Model V

The Model V71! is the Laboratories’
most ambitious computer development
from the viewpoint of size and general
flexibility. Two have been built, one
delivered in December 1946 to the
National Advisory Committee on Aero-
nautics (NACA) at Langley Field, Va.,
and the other delivered in August 1947
to the Ballistic Research Laboratory at
Aberdeen, Md. Each has approximately
9,000 relays and 55 pieces of teletype
equipment.

The Model V embraces a system of
computers which -can be operated to-
gether or independently. The system
permits six computers and ten problem
positions. As one computer completes
the problem on its associated problem
position it automatically picks up a
waiting problem position. This arrange-
ment makes it possible to load new prob-
lems on idle problem positions thereby
providing uninterrupted use of the com-
puting equipment itself. Thus computer
Number 3, for example, may complete
its solution of a differential equation set
up on problem position Number 5, and
in a fraction of a second start a radically
different problem set up on problem
position Number 2. The two instal-
lations each have two computers with
3 and 4 problem positions. .Figures
2 and 3 show the Aberdeen installation.

A problem position has these facilities:
one tape reader for problem input data,
one to five tape readers for the program
of instructions, and as many as six tape
readers for tabular data. The five
program tape readers allow considerable
flexibility in introducing subroutines.
The six table tape readers allow for ex-
tensive use of tabular- data. These
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Table 1. Statistical Information About Bell Laboratories Computers, Models | to VI

Model Model Model Model Model Model Model
I I I III* v v A28

Logical Design Features -
No. of built-in routines. ............. 2 ...0 ..0 ...0 ...0 .4 ...200
Decimal point: fixed, or Fl........... Fix ...Fix ...Fix ...Fix ...Fix ...FL ...FL
Discriminating action.......,. «....None ...Notel.. Notel...Notel.. Notel...Exten....VYes
Multiplication.................. ..., Yes ...Note 2...Yes .Yes ..Yes ..Yes ...Yes
DiviSiON. e eeve v iinieniinn i Yes ...No ... Yes .Yes .Yes ..Yes ..,.Yes
Square Root........oovvvniin i No ...No ..No .No .No ...Yes ...Ves
Indeterminate arithmetic............. No ...No ..No ..No ..No ...Yes ...Ves
Special trigonometric features......... No ...No ..Notel.,.Notel.. Notel...Yes ...No
Special logarithmic features........... No ...No ..No .No .No ...Yes ...No
Round off—auto. or program..,....... No ...Pro. ...Pro. ...Pro. .Pro. ...Auto. ...Auto.
Subscript knowledge................. No ...No ...Yes ..Yes ..Yes ..No ...No
Number of addresses incode.................. 1 ...lor2 .,.10or2 ..,10r2 ...3 ...3
Self checking......ovvvuurinnnnnnna.. No 90% ...100% ...99% 100% ...100% ...100%
Physical Design Features
Number of relays...... e o425 .. .440 ..1,400 ............1,425 ...9,000 ...4,600
Pieces of teletype equip............ .4 .5 LT 7 ...55 ...16
No. of number registers. . 7 ...10 ... 14 ...10 ...15 W12
No. of digits per number..... .2to5 ...1t06 ...1to6 ...1to6 ...1t07 ...3,6,10
Multiplication time insec. per 5digit................0uus 1 1 oW1 ..0.8 ..0.8

number
No. of problem stations........... .3 A | S | . | a1 L3 &4 ...2
Arranged for unattended oper.........No ..No ...Yes ...Yes ..Yes .,.Yes ..Yes
Number notation with [ bi-quinary....No ..Yes ..Yes ...Yes ...Yes ...Yes ..Yes

self-checking ‘“2outof 5°..No ...No ..Yes ...Yes ..Yes ...No ...No

“3outof 5”..No ...Yes ..Yes ...Yes ...Ves ..Yes ...Yes

* This column applies to the Model III after its modification in 1949.

Note 1. Very limited application.
Note 2. With multiplier specified in program.

readers are not used for tables of loga-
rithms (base 10), antilogarithms, sines,
cosines, and antitangents because these
functions are wired into the machine on a
permanent basis.

The calculator has these features:
floating decimal point, multiplication by
“short-cut” addition, automatic round
off (but subject to cancellation), and
indeterminate arithmetic operations.
Other new features in the Model V are:
special facilities for trigonometric and
logarithmic calculations, rather elaborate
discriminatory controls, and special auxil-
iary equipment for processing of various
paper tapes.

Figure 2. Model V computer. Frame equipment at Aberdeen ii-
stallation

The out-of-service time for the Model
V computer is very low. Recent re-
ports from the NACA installation show
that their computer is turning out better
than 22 hours of computing per day.
It is operated around the clock; 16
hours on an attended basis and 8
hours unattended. It is operated under
the supervision of Mr. Thomas B.
Andrews.

Model VI

The Model VI%!3 shown in Figure 4
was built for the Laboratories’ own use.
Extensive test usage on actual problems
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began in 1949. Incident to this, de-
tails of the final design were evolved.
The computer was finally placed in reg-
ular service in November 1950. It
resembles the Model V in many respects
but it is somewhat simpler in design
in these respects:one computer (instead
of two or more) constitutes the installa-
tion, less elaborate discriminatory con-
trols, and less elaborate problem posi-
tions. However, it has features not
found in its predecessors. It has three
storage tapes, one of which may have
either or both numbers and instructions.
Also, it has a system of several hundred
semipermanent subroutines which has
brought about a marked reduction in
programming effort. Its value is best
shown by the fact that only one set of
programming instructions is required for
a particular type of a problem, suchasa
problem of determining the frequency
response for a communications system
network. No further programming is’
required even though one problem of the
type may have only six or eight param-
eters in -simple impedance configu-
rations while the next one may have over a
hundred parameters in complex imped-
ance configurations. In each case the
internal subroutine control adjusts itself
to the particular problem at hand.
More detailed information about this
feature has been covered in other papers.
Another feature, also contributing
to a reduction of programming effort, is
what has been called the “‘end of numbers”
check signal. It is easiest explained by
showing its application in a matrix prob-
lem. The problem data, in this case, in-
cludes this check signal after the last term
of each line of coefficients of the matrix.
The program is made applicable to a ma-
trix of any order. Furthermore, the pro-
gram is made to recognize the check
signal as an indication that there are

Figure 3. Model V computer. Operating room equipment at Aber-
deen installation
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no more coefficients for the line being

processed. Heretofore, it has been neces-
sary either to program for a matrix of a
specific size or to include in the program
a set of instructions for counting off
a prescribed number of coefficients.

The Model VI'has an automatic second
trial feature which is operative under
most machine trouble conditions. This
feature functions only during unattended
hours and obviously results in an im-
provement in unattended operation. This
computer is operated under the super-
vision of Mr. D. T. Bell.

Summary

The Bell Laboratories’ computers di-
vide easily into two groups, the first
including the Models I to IV, and the
second including the Models V and VI.
From the viewpoint of the current
state of the design art, the first group
belongs to an era that is past, and the
second group to'the era which bridges
the past with the introduction of success-
ful electronic computers. It is there-
fore to be expected that the Models V and
VI would represent a highly satisfactory
state of the development using electro-
magnetic apparatus. Similarly, it would
be expected that they cannot be compared
favorably with respect to speed or with
the large amount of high speed storage
capacity of the electronic type. But
there are other figures of merit for gaug-
ing the satisfactoriness of a computer,
and the Models V and VI possess many
of them. TFive of these will be discussed.

Dependability

The basic design of the control
components has the heritage of the ex-
tensive experience derived from the de-
sign of telephone switching systems.
Only timeproved dependable apparatus
is employed, notably, the heavy duty
U type relay. Relay contact design and
detailed consideration of contact pro-
tection against electrical erosion have
brought about excellent results in relay
operation performance.

Ease of Maintenance

There are several factors which con-
tribute to this feature. Generous use
of indicating signals at a control panel
assist in the analyzing of machine stop-
pages. Almost all machine failures stop
the computer at once. This together
with the helpful indicating signals in-
directly prescribe the qualifications of
the maintenance personnel. Engineer-
ing talent is not required. In fact all
of the machines are being maintained by
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Figure 4. Model VI
equipment

computer. Frame

craftsmen having the same kind of train-
ing and skills ‘that telephone systems
switchmen possess.

Ease of Operation

This is manifested when loading the
machine with a new problem, when han-
dling machine stoppages, when operating
on an unattended basis, and when han-
dling the transfer from one problem to
another. No more than 5 minutes is
required to load the most complex
problem on the Model V. Even less
time is required for the Model VI unless
changes and additions are required in the
internal routines. The Model V, if
directed in the program, checks that all
of the various tapes are loaded in the
proper tape readers.

Because machine failures usually stop
the computer at the instant of failure
and because of the extensive use of in-
dicating signals as referred to above, the
amount of ‘“down time” due to faulty
machine operation is very low. Report
from the two Model V installations in-
dicate that on the average, only 15 to 20

minutes is required to locate the cause '

of a trouble and to take the necessary
corrective action. There are two special
features that are operative during unat-
tended hours.
matic second trial of the Model VI
mentioned previously. The other is
an automatic recycle when faulty opera-
tion is detected. This feature, which
appears in all computers starting with
the Model I1I, causes the control to aban-
don the problem at hand and to advance
to a waiting problem. This feature
has made unattended operation highly

One of these is the auto-,

profitable. As stated above, the Model
V at the NACA laboratories is attended
on two of the three shifts. All other
machines are attended on only one shif'
but they are all operated on a 24-hour-a
day basis.

Whena computer has completed a prot
lem, it automatically advances to pic
up any waiting problem. This, toc
makes unattended operation feasible.

Besides these advantages in operatio
ease, another has been developed bu
it has not yet been incorporated into an
computer as far as is known. This -
the self-correcting code for numerica.
data. Dr. R. W. Hamming devised
this principle of coding.!* A computer
with this feature would show an unat-
tended operation performance superior
to anything we know today.

Ease of Programming

The Model V compares very favorably
with other computers with respect to
ease of programming. However, the
Model VI has programming features
which have brought about a marked re-
duction of effort compared with the
Model V. The above description of the
Model VI mentions the ease of program-
ming a network problem. In such a case
the programming of another network
problem consists of two steps; first, pre-
scribe the formula number, such as 414,
for the network problem,. and second,
set down the parameters of the problem
in accordance with the general framework
of the program that was established for
the first network problem. In setting
down the parameters for any one of the
several branches of a network, an identify-
ing number accompanies the numerical
values. For example, suppose that a
branch has nine elements, consisting of
three parallel circuits of a resistor,
capacitor, and inductor in series. An
identifying number, such as C3I, would
indicate to the control that the nine
numbers which follow on the tape apply
to the parallel-series configuration just
described. The number C32 might de-
note some other kind of a branch having
nine elements, and C33 might denote a
branch having only four elements.

Similarly formula number 415 might
denote the internal program for solving
a polynomial of any order up to 20.
A16 might denote the program for in-
verting a matrix of any order up to 12.

This feature is of prime value when
there are problems having some repeti-
tive subroutines. In these cases, the
Model VI programming effort is near the
minimum.
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Machine Accuracy

This means 100 per cent self checking.
The users of the Bell Laboratories’ ma-
chines have reported only two occurrences
of machine faults that resulted in machine
errors. These were both reported by
the NACA laboratory. No details have
been received about these two cases,
and as yet, no analysis is being made of
them. Rather than try to disprove
the claims for these two errors, it may
be better to let them stay on the per-
formance record. Perhaps more cre-
dence is accorded to our claims for self
checking with two errors on the record
rather than none. Because of this fine
performance, the scientist uses the re-
sults obtained from these Bell Labora-
tories’ computers with complete assurance
because he confidently believes that his
computer has not deceived him.

To acknowledge the names of all of
those who have participated in this
computer development would make a

long list. It is sufficient to say that at
various times, 20 engineers in the tele-
phone switching development depart-
ment have taken part in the develop-
ment and construction programs. In
the planning stages, mathematicians
and scientists in the research department
joined in the numerous discussions on
fundamentals and objectives.
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The Transistor as a Digital Computer

Component

J. H. FELKER

IGITAL computers have been de-
fined as machines that use a lan-
guage explicitly and one may think of them
as carrying on interior dialogues. This
concept helps to illustrate one difference
between the modern computer and other
electronic machinery. The principal func-
tion of most electronic apparatus is to
take low level signals and raise them to a
power level sufficient to drive some de-
vice such as a loud speaker, servo motor,
relay, or perhaps a cathode-ray tube.
In a digital computer, however, there may
be a thousand active elements that
merely converse with one another. There
may be a million alterations of state be-
fore an output device has to be energized.
These internal operations need not be
carried out at any particular power level.
It is only necessary for one device to talk
loud enough for the next device to recog-
nize what was said. Devices are needed

which have stable states that can be
changed by very low input signal power.
As the computer art advances, one hopes
it will move towards the use of devices
that listen intently rather than speak
loudly. It is in this direction that the
transistor can make its earliest contribu-
tion to the digital computer field.

Computer Functions

As is well known, computer operations
can be divided into the two classes, mem-
ory and logic. Memory can be defined
as a representation in space of a function
of time. The logic operations can be de-
fined as the recognition of spatial distribu-
tions of voltages and currents. These
logic operations can be performed with
passive nonlinearities, that is,a 3-terminal
and circuit and other such logic circuits
can be built with crystal diodes without
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the use of active elements.! It is neces-
sary to use active elements only as am-
plifiers to make up for loss in these logic
circuits and in delay lines. When the
work described herein was started, it
seemed that transistors could be got into
digital computers at the earliest date if
the transistors were asked to provide only
gain and all the logic functions were per-
formed in diode circuits while the memory
functions were performed by use of delay
line storage cells. THis, of course, is the
philosophy that was followed earlier by the
SEAC group? with the exception that they
used a vacuum-tube amplifier rather than
a transistor amplifier. Since the tran-
sistor itself has voltage and current rela-
tionships quite similar to a germanium
diode, it is expected that the germanium
diode in a transistor computer will operate
in a more patural environment than in a
vacuum-tube computer and will respond
to such favorable cenditions by exhibiting
longer life and more reliable operation
than it has sometimes done in the past.

Reliability

Many earnest seekers have attempted
to find out what kind of reliability can be

J. H. FELKER is with the Bell Telephone Labora-
tories, Whippany, N. J. .
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Packaged pulse amplifier

Figure 1.

expected in transistors, The answers that
they obtained seem to stem as much from
the inquirer’s pessimism or optimism as
from the facts of the case. This is be-
cause there have not been many facts es-
tablished and the reliability tests that
have been performed simply have not

been on large enough samples nor have -

they been carried out over a long enough
period of .time to prove decisively what
the reliability of transistors will be. This
is not the result of negligence upon any-
one’s part but stems from the fact that the
transistor is only 3 years old. Reliability
estimates are complicated by the fact that
the transistors that were put on life test as
recently as a year ago are known to be
very inferior to the transistors that can be
made today. One figure that is indica-
tive of the kind of life we may expect is
that life figures of 70,000 hours have been
predicted on the basis of 25,000-hour tests
for devices that were made several years
ago. It should be understood that the
transistors for which this prediction was
made are not the modern transistors we
would use in a high-speed digital com-
puter nor were the failure criterion used
in the test necessarily the ones that would
apply for use in a digital computer. It
seems reasonable to say that in its rela-
tively undeveloped state, the transistor
appears to have a life that is equal to or
better than the best vacuum tubes that
have been made for digital computer use.
Because transistors operate at reduced
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power levels the ambient temperature is
expected to be lower in transistor com-
puters. Resistors and condensers will
operate at lower voltages and currents as
well as temperatures and longer life is ex-
pected. The low voltage at which tran-

sistors operate is expected to improve the*

life of associated semiconductor diodes
by a considerable factor.

Besides the reliahility, and the power
level, the speed of operation is also of in-
terest to the computer designer. When
comparing transistors to vacuum tubes
one is used to thinking of the transistor as
a relatively slow device. This is because
vacuum tubes can be made to oscillate at
1,000 megacycles or above while tran-
sistors cannot. However, the highest fre-
quency of steady-state oscillation is not a
satisfactory criterion for the success of a
device in a computer. A good vacuum
tube may not have serious transit time
limits upon its use at frequencies below.
1,000 megacycles but the parasitic im-
pedances of the same vacuum tube will
limit its use in wide band circuits to band
widths of about 20 megacycles. High-
speed transistors are, at the present time,
limited by transit time considerations to
frequencies below about 50 megacycles
but the parasitic limits are at frequencies
above the transit time limitation. For
that reason, the slow hole and electron
of transistor electronics may be a better
carrier for the production or regeneration
of high speed pulses than is the much
faster electron of vacuum tube elec-
tronics. This is a factor which is expected
to grow ip importance as transistors are
improved. At the present time, tran-
sistors are entirely practical for the re-
generation of pulses at a megacycle rate
and rates of perhaps five times as much
could be attempted with reasonable hope
of success. This puts the transistor in
a competitive position with vacuum
tubes insofar as speed is concerned.

C‘ompleted Components

One of the first transistor computer
efforts has been the development of
the high-speed regenerative amplifier
shown in Figure 1. This amplifier oper-
ates from a maximum supply voltage of
~8 volts. The total power drain of the
amplifier is approximately 50 milliwatts:
When triggered by an input pulse of 2
volts and a current of 0.75 milliampere
this amplifier will develop a 5-volt 10-
milliampere output pulse. The input
pulse need last for only a 0.1 microsecond
and the output pulse will be a 0.5 micro-
second pulse whose duration and time
position is set by a master clock signal
rather than the input pulse. The ampli-

fier is, therefore, an almost ideal amplifier
for use in serial computers. The package
illustrated was designed to use the plug-in
type transistor. Recent attempts to
miniaturize the amplifier by using the .
bead version of the transistor have re-
sulted in the package shown in Figure 2.
Using the first package, a binary word
generator, a serial adder, delay line stor-
age cells, and a complete 16-digit serial
multiplier have been built, The multi-
plier uses 42 transistors and operates on a
total power supply of less than 5 watts.
It occupies almost half of a standard relay
rack. Itisbelieved that the entire multi-
plier could be put in about one-third of an
ordinary shoe box. To do this, it would
be necessary to package the logic circuits
as well as the transistor amplifier. It
should be pointed out that the most en-
couraging thing about miniaturizing tran-
sistor systems is not so much the small
size of the transistor but is the extremely
small amount of power that has to be dis-
sipated in the system.

Regenerative Amplifier

Some circuit considerations may be of
interest at this point. Transistor circuit
work is handicapped because some of the
working concepts that have enabled engi-
neers to turn out vacuum-tube circuits so
successfully in the past do not provide the
same assistance in transistor design work.
In the first place, the input impedance of
a vacuum tube is almost infinite, or
at least positive. The input impedance
of a transistor is more apt to resemble a
short circuit than an open circuit and
cannot always be relied upon to be posi-
tive. Infact, in computer work it proved
so difficult to develop high-speed cir-
cuits in which the transistor input im-
pedance was positive that almost all

Figure 2. Miniaturized pulse amplifier
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workers in the field have decided to live,

with the negative input impedance and
exploit it rather than try to suppress it.
Then too, the difficulty of working into a
short circuit has proved to be a consider-
able psychological handicap. However,
most workers in the field now consider
that a short circuit is just as respectable
an input impedance as an open circuit is.
In Figure 3, the input characteristic of a
diode is illustrated. When the bias is
negative the input impedance is very
high and when the bias is positive the in-
put impedance is very low. The input
characteristic of some transistors follows
the same general form. The transistors
made for high-speed applications, how-
ever, have the type of characteristic
shown in Figure 3. If the voltage at the
emitter, is first negative and then raised
towards ground, the emitter current will
be very small and of the same order as the
reverse current of a diode. As the voltage
is raised, a point will be reached at which
the input impedance becomes negative.
This point is called the peak point. The
point on the characteristic at which the
impedance ceases to be negative is called
the valley point. This characteristic has
been exploited in the circuit shown in
Figure 4. The circuit is arranged so that
without a transistor present, current will
flow through RI and diodes X1 and X2
to hold the junction of diodes X1 and X2
at a voltage just below the peak point of
the transistor. When a transistor is in-
serted the emitter current taken will be
very low. Now if the input lead is raised
above the peak point, the emitter will be
raised in voltage to its negative resistance
region. If the transistor has sufficient
band width it will.not be stable on the
negative resistance portion of its charac-
teristic and will snap out on a load line
provided by the stray capacity of the cir-
cuit to a point D illustrated in the figure.
The capacity will then discharge from D
to B at which point diode X2 will conduct
and the transistor will be locked up in its
high current state. Once the emitter
starts to go mnegative diode XI cuts off
and the driving source is isolated from the
emitter. What has been described is a
flip-flop rather than an amplifier. How-
ever, by supplying a regular succession of
reset pulses to the base of the transistor,
the circuit can be made to behave as a
pulse regenerator, that is, every time an
input signal locks the transistor in its high
current state the next positive pulse that
comes to the base will reset the transistor
to its low current state.

The circuit has been used with a reset
pulse consisting of a 1l-megacycle sine-
wave signal from a master clock. The

diode X3 permits only the positive halves
of the sine-wave to appear at the base.
If the transistor has not been locked up in
its high current state by an input signal,
the base pulse will have no effect on the
transistor. However, if the transistor is
locked up at B the positive base pulse in
effect pushes the emitter voltage down
towards C. When the negative resistance
region is reached at C, the emitter snaps
over to the high impedance portion of its
characteristic and the stray capacities
charge back to point 4 where the circuit
rests as it awaits another trigger. If the
signal arrives just before the clock lets
the base voltage reach ground, the tran-
sistor will trigger when the clock signal goes
through ground and the onset and the
end of the square wave output will be de-
termined by the clock rather than the in-
put, provided only that there is an input.
Since the input voltage must raise the
emitter only from point 4 to above the
peak point, little voltage is required to
trigger the transistor. An output volt-
age of 4 to 6 volts is obtained at the col-
lector. The input current need be only
slightly greater than the current that
flows through X1 into R2 when the cit-
cuit is in the quiescent state. In the cir-
cuit shown the required input current is
about 0.75 milliampere while the resulting
collector current is of the order of 10
milliamperes. As transistors are made
with peak points that are more uniform,
the point 4 can be brought closer to
ground and the triggering voltage can be
reduced. The present practice is to bias
X2 at —1 volt and supply a trigger of
about 1.50 volts. This means that the
only requirement on the transistor peak
point is that it lie between —1 and 0.5
volts. Itisbelieved that a bias on X2 can
be chosen that will make the circuit ex-
tremely reliable. Experience indicates
that obtaining reliability from transistors
is by and large a matter of designing cir-
cuits that allow sufficient margin for such
variables as the peak point.

Uses of Amplifier

The nature of the input circuit makes
the addition of diode logic circuits very
simple as shown in Figure 5. To obtain
a 3-terminal or-circuit it is only necessary
to connect the three terminals to the input
through diodes pointing towards XI.
The amplifier will then produce an output
pulse whenever there is a signal on any
of the three input leads. To obtain a 3-
terminal and-circuit, it is necessary to add
only two additional diodes connected to
the emitter just as X1 is. Each of the
diodes is returned to —8 volts through a
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resistor corresponding to R2. Then the
emitter can be raised above the peak
point only when positive inputs are ap-
plied to all of the input leads and all three
diodes are cut off. Inhibition can be ob-
tained by means of an inverting trans-
former and another diode connected to
the emitter and returned through the
transformer secondary to a positive volt-
age. In the absence of any input the
emitter is held below the peak point by
diode XI. If diode X1 were cut off the
circuit would fire. However, if a positive
pulse were fed to the primary of the in-
verting transformer, the added diode
would clamp the emitter below the peak
point and the transistor could not fire re-
gardless of what happened to XI. These
elementary logic functions are a complete
set and all logic operations can be mech-
anized by a suitable combination of these
elementary ones.

For memory purposes, a delay, line is
suggested with the transistor amplifier
described above used to amplify and
retime the delayed signals before they
are recirculated. For the kind of memory
that is ordinarily provided by a flip-flop,
the regenerative amplifier is suggested
with its output fed back to its input
through a simple delay network. This de-
vice has the property that when it stores
a one it puts out a continuous train of
digit pulses and when it stores a 0 puts out
nothing. The reason that the transistor
flipflop itself is not recommended for
storage is that when a transistor is left
locked up in a high-current state it takes
a great deal of power to unlock it and it is
easier to obtain that power from a steady-
state clock signal than an information
containing signal that would have to be
supplied by the computer. Whatamounts
to permanent storage is obtained and yet
the transistor is still turned off every
microsecond by the master clock.

Proposed Building Blocks

In the first experimental work, only the
amplifier was packaged and the external
logic circuits and the delay lines were
mounted external to the packages. This
is why the multiplier took half of a relay
rack to mount. To achieve miniaturiza-
tion consistent with the size of the tran-
sistor itself, all the components must be
packaged efficiently. Unless a wide
variety of packages are developed one
must be contented with a relatively small
number of available functions and achieve
all results with that restricted set. This
minimizes the different types of packages
required in the computer but probably re-
sults in using a greater number of tran-
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sistors than would be required if a wide
variety of functions each designed for a
minimum number of transistors were in-
cluded in the available set.

The set of functions shown in Figure 6
is proposed as a reasonable set for the
arithmetic organ of high speed computer.
Each package is complete and can drive
several packages in parallel. The first
package is a 2-terminal or-circuit with
pulse amplifier. The second is a 2-ter-
minal and-circuit with pulse amplifier.
The third package proposed is an in-
hibitor circuit which will regenerate the
signal on the lower lead unless there is a
signal on the top lead in which case there
will be no output at all. In serial arith-
metic units some memory is required and
the fourth package is proposed as a re-
placement for the ordinary flip-flop. If a
pulse is put on the one lead the bit cell
develops a train of timed digit pulses
until it is shut off by a pulse on the 0 lead.
The fifth package is used to build up
memory components for more than one
bit. It consists of the transistor amplifier
with a simple delay network to delay the
output pulse by 1-digit time. If small de-
lay lines were available this fifth package
would not be necessary. But until very
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much smaller delay lines than are now
available are developed, such a package
will be very attractive in applications
where space saving is important.

One of the reasons that so much em-
phasis is put upon the small size is that
the transistors now available are tem-
perature sensitive. It would complicate
transistor design considerably if high-

- speed transistors had to be made at this

time that would operate at very high tem-
peratures. Fortunately, the trausistor
because of its low power operation does
not itself generate much temperature rise,
therefore, the transistor may not have to
operate at temperatures above ordinary
room temperatures. However, applica-
tions are foreseeable in which the effec-
tive room temperature may be consider-
ably above .that, for example, of a uni-
versity laboratory. For these applica-
tions the fact that 400 or 500 transistors
with associated circuits can be put in a
volume of the order of a cubic foot and
that the entire power dissipation of such a
computer may be of the order of ten watts

R2
12,000.0.

Y

'
i
=1 vOLT

gives us the hope that an entire com-
puter can be placed in a box small enough
to be held at a reasonable temperature.

Insofar as predictions for the future
are concerned an optimist might sub-
scribe to these: the power per stage will
be reduced to the order of 100 micro-
watts; repetition rates for pulses will in-
crease to 10 megacycles and perhaps 50;
miniaturization will be so complete that
no application of a digital computer need
be held up because space is not available;
reliability will be so improved that sys-
tems with 100,000 transistors will be
practical and the venturesome will con-
template systems containing 1,000,000
transistors.
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Discussion

I. L. Auerbach (Burroughs Adding Ma-
chine Company): Could you tell us the
temperature at which you are encapsulating
the transistors and crystals and the effect it
‘has on their life?

J. Felker: I do not know what that tem-
perature is. I know it is possible to put

¢ these in the capsule and still have a satis-

“factory yield. In other words, we have
working units that have been put in plastic.

™ J. C. McPherson (IBM): On the circuits
you have already built, what is roughly the
ratio of diodes to transistors?

J. Felker: The basic amplifier requires
three diodes to help the transistor operate
as an amplifier. Then if you put the logic
functions on also, you can get by with as
few as three additional diodes per transistor.
If you want to use more logic circuits, the
number of diodes will go up. But I would
estimate something like eight to ten diodes
per transistor in a balanced machine design.

F. C. Mullaney (ERA): Your diagram
showed certain values on the components.
Must these values be changed as different
transistors arg inserted in the circuit?

J. Felker: No. In our multiplier, for ex-
ample, which had 43 or 44 transistors in it,

all the amplifier circuits were identical to
the extent that we could get them so, and
all the transistors were interchangeable to
the extent that anyone tried to interchange
them.

E. D. Lawler (Naval Air Development
Center): From what I have read, there are
a number of different types of transistors
Could you specify exactly the one you used
in the circuit?

J. Felker: The transistor that was used
in these circuits carries the number, M-1734;
the short title is ‘‘the high-speed transistor.”
I might mention that it is a point contact
transistor, not the junction-type transistor.

Digital Computers: Present and
Future Trends

JAY W. FORRESTER

HE Program Committee asked me

to sutnmarize the present status of
digital computers; also to point up the
better features of the machines described
at this Conference, and to forecast trends
to be expected in the future.

We might start by determining where
the digital computer field now stands
along the road of progress. The first
round of electronic digital computers
has been completed, with a variety of
machines showing varying degrees of
success. The competitive spirit and
rivalry between groups engaged in com-
puter development has been strong in
the past. We have met at this Con-
ference for a frank discussion of the good
and the weak points of the various ma-
chines. Some papers have stressed the
good points and the successes. Others
have stressed the future objectives. Still
others have given us a picture of the
shortcomings and weaknesses of the exist-
ing machines and frank, although con-
flicting, evaluations of what these results
indicate for the future.

:Present Status

A comparison of the present status of
the digital computer field with any of our
older branches of engineering shows
that we are not far advanced. We are

firmly on the threshold of a new field,
but the digital computer work has reached
no real maturity. Up to the present
time people have made impressive con-
tributions to the field of digital computa-
tion. Digital computation, however, has
not yet made nearly the contribution to
society that our enthusiasm might lead
us to believe. )

Maintaining the proper perspective
here is important. It is entirely possible
that the work of the world which has been
accomplished by the modern automatic
digital computer could have been -more
than accomplished if the man hours thus
far put into the development of digital
computers had instead been applied to
the solution of the ultimate problems.
We must look upon the results thus far
as an investment in the future. We have
first models of a new type of machine.
There is no reason to believe that they
are relatively any more advanced than
were the first models of automobiles, the
first aircraft, or the first radio sets.

Some rather remarkable attitudes have
existed in the digital computer field.
First models, without any tested prede-
cessors, have been scheduled for pro-
duction. Contracting officers have even
bought first experimental machines on
the assumption that they would be final
production models rather than being
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useful primarily for evaluation. In few
other fields would this be done. A first
model of a new airplane is built for testing
and evaluation, not for delivery to the
fighting Air Forces or to an airline. -

The machines reported at this Con-
ference might properly be looked upon as
exploratory models for evaluating physi-
cal techniques and design procedures, as
vehicles for the assembly and training
of organizations capable of designing
computers, and, to the extent that the
machines operate successfully, as devices
for training people in the use of digital
computers.

Big steps have been taken, but they
represent only a beginning on the road
ahead. We have first models of machines,
but we don't even have adequate or rec-
ognized evaluation criteria for their
assessment or discussion.

We are almost without experience in
using these machines outside a develop-
ment laboratory atmosphere. Most of
the machines are still under the care of
their designers or operated in a sympa-
thetic research laboratory environment.

Until now we have been occupied by
plans for proposed machines. In this
new period ahead when the electronic
digital computer is being evaluated, we
will obtain results from the first round of
computers and interpret these results for
guiding future models of machines.

In building the first generation of
electronic digital computers, we have
learned the magnitude of the engineering
involved. In the past 5 years, time esti-
mates in the digital computer field have
been a standing joke. Many of the cost

JAy W. FORRESTER is at the Digital Computer
Laboratory, Massachusetts Institute of Tech-
nology, Cambridge, Mass.
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estimates have been absurdly low. The
importance of high quality engineering is
pointed up by a few much publicized
machines which have never reached
successful operation and by the main-
tenance problems of those machines which
have operated. There exists now a much
better appreciation than we had a few
years ago for the design stages, component
testing, and engineering development
that lie between the block diagram and the
operating computer.

There are already signs, however, that
we may not have learned enough by this
experience. The underestimation of con-
struction time is giving way to an under-
estimation of the time necessary to place
a machine in successful service. This,
in turn, is followed by underestimation
of the time which will be needed for
learning how to use the computer for
productive output,

Digital computers have varied con-
siderably in the amount of shake-down
time required. Perhaps one of the better
experiences is the ERA 1101. The
Whirlwind I machine has required a year
to reach its present reliability. Mark III
was announced 2 years ago, and you have
heard the report on its operation. On
the other hand, the EDVAC and the
BINAC are still undergoing adjustment
and modification. SWAC was dedicated
over a year ago and is still under test
operation.

Difficulties have resulted largely from
more emphasis given to performance
characteristics than to certainty of opera-
tion. The number of storage registers,
the speed, or any of the other performance
characteristics are certainly secondary to
the question of whether or not the machine
will, in fact, function.

Organizations have often undertaken
too ambitious a program for the facilities
and engineering manpower available.
There are only a few examples of modest
and exploratory beginnings in the digital
computer field. The Burroughs Adding
Machine Company people have reported
on their program of learning by assembly
of their trial machine out of test equip-
ment units. The SEAC machine, the
EDSAC, and the Ferranti machines have
set modest objectives which were dis-

Table 1. Storage, Cost-Performance Criteria
Storage $/Performance
Type $/Bit Unit
Magnetic drum (1949)....0.15......... 1,200
Acoustic line  (1950)....1.75......... 500
Electrostatic  (1951)....8.00......... 160
?? (1956)....1.00......... 3
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charged without becoming involved in
unduly elaborate devices. The ERA
1101 and the International Business
Machines Company Card-Programmed
Electronic Calculator were done by com-
mercial organizations basing their de-
signs on somewhat similar equipment al-
ready developed.

Evaluation Criteria

Various machines must now be evalu-
ated. There are many machines to be
compared, but for the most part we find
ourselves without any test or comparison
criteria. There is fair agreement re-
garding the definitions of speed and stor-
age capacity in digital computers. The
time has come for more sophisticated
criteria of comparison. In the papers
at this Conference, each group has used
its own definition for reliability of its
equipment. It would be almost impos-
sible to make a comparison between the
different machines based on the data.
Likewise, there can be no significance in
cost figures, unless accompanied by a
measure of performance and reliability.
We discuss the number of vacuum tubes
in a machine, but this in itself lacks signifi-
cance unless we have a measure of the
utility of those tubes, in other words
how much computation will they perform
for us.

Storage Criteria

I might cite some examples of the kinds
of criteria which will be useful. Consider
first the storage systems. It has been
customary to discuss storage systems in
terms of capital cost per binary digit of
storage capacity. This leaves out any
concept of performance, and, since the
access time is of first order importance,
it might be better to use the criterion of
cost per unit of performance. Table I
illustrates typical numerical values. In
the first column is cost in dollars per
binary digit. This is capital cost and
maintenance for a 5-year period and in-
cludes associated control equipment.
For those applications which require
large storage capacity without imposing
demands for short access time, cost per
digit is perhaps the proper and sufficient
criterion. In dollars per binary digit,
we find the magnetic drum most favor-
able, followed by the acoustic line and
the electrostatic tube. A good measure
of storage performance might be defined
as:

Performance units =
Binary Digits
Access time in microseconds
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For high-speed internal memory, a
more significant cost criterion would be
dollars per unit of performance, and we
then find the ordering of the three princi-
pal present-day storage systems reversed.
Cost divided by digits of storage divided
by access time gives us for the magnetic
drum $1,200, for the acoustic line $500,
and for electrostatic tubes $160. These
are approximate values, but typical of
present-day systems. Part of my assign-
ment here is to predict trends, and 1
suggest that in the next few years, we
should expect to see the cost per unit of
performance reduced to as little as $3.
This improvement may result from ad-
vancements in solid state physics which
will yield both simplicity and higher
speed.

Design Efficiency

Another criterion is needed for measur-
ing the machine design effectiveness.
Digital computers discussed at this
Conference differ by a factor of only 2 or 3
in complexity but by orders of magnitude
in speed. We find that the higher speed
machines are more efficient in terms of the
work they will perform per unit of equip-
ment. We can draw here an effective
parallel with the internal combustion
engine. The man with a very small
job to be done or who will use his com-
puting machine only occasionally is
rightly interested only in total complexity
and cost. Let us compare this with a
one horsepower outboard motor for a
fishing boat. In the engine, horsepower
represents work done in a unit of time and
can be likened to the arithmetic opera-
tions per unit time or speed of a digital
computer. In the outboard motor, we
have a small, simple inexpensive machine
which may weigh 20 pounds per horse-
power and costs $40 per horsepower.
In designing an automobile ofie certainly
doesn't use a’multiplicity of outboard
motors. Instead of 20 pounds per horse-
power, the automobile engine weighs
about 5 pounds per horsepower. Instead
of $40 cost per horsepower, the auto-
mobile engine may run $3 to $5 per horse-
power.

We find a similar situation in the per-
formance per unit equipment or in the
cost per unit of performance in the digital
computer. Table II shows the approxi-
mate order of magnitude for various
classes of present-day computers in terms
of the performance efficiency index which
I define as the operations per second
divided by some standard unit of equip-
ment. Deciding on a unit of equipment
isdifficult andcontroversial. Forpresent-
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day miachines the vacuum tube cathode
might be taken as this unit, as long as the
complexity and cost of the computer is
related to the number of tubes. For the
drum computer this index is about 0.03;
for the acoustic line computer about 0.5;
and for the parallel electrostatic tube
computer about 1.2, Again, if I should
make a prediction for 5 years hence, I
would say that we can reach an index
figure of about 20 operations per second
per unit of equipment. This index is
meant to be comparable with the others,
but it may be necessary to redefine the
unit of equipment if the vacuum tube at
that time has been replaced by other
elements. This higher efficiency should
be achieved with higher speeds and a
substantial reduction in complexity.
Table II also shows approximate capital
cost per unit of computing speed for the
various types of machines,

The index of efficiency can be used
advantageously in determining the utility
of auxiliary equipment for a machine.
One is often tempted to make a special
device for converting number bases or
a piece of terminal equipment to simplify
the work of the computer. Such equip-
ment may operate at a very low duty
factor and do a job of which the main
machine is capable. One should ask
himself how the average operations per
second, averaged over a year’s time, per
unit of equipment in the special device,
compares with the above index for the
main machine, It will often be true
that the simple job is more efficiently
handled by the complex central machine.

Reliability Criteria

Considerable emphasis in the papers
of this Conference has been placed on
digital computer reliability. We do not
even have a definition of reliability, to say
nothing of criteria for measuring those
factors which produce reliability. To
some people reliability is measured by
the percentage of time that the machine
is not in the hands of maintenance men.
To others reliability is measured by the
frequency of random mistakes in the
results, These are two very different
concepts. In many ways the frequency
of random errors is much more important
than the percentage of inoperative time,
and yet we have heard almost nothing
about this during the last 3 days. In the
papers, the percentage of inoperative
time has been used as an indication of
digital machine quality; it is just as
much a direct measure of the expertness
of maintenance which the machine re-
ceives. We need a measure for the main-

tenance effort put into a digital computer.
I suggest that total number of men as-
signed to maintenance is not adequate,
especially when we talk about machines
which differ by four orders of magnitude
inspeed. Itwould seem moreappropriate
to measure the amount of maintenance
the machine requires in terms of the man
hours expended per million arithmetic
operations usefully performed.

In some applications continuity of
operation is of primary importance. Two
definitions of continuity have been used:
One definition measures continuity as a
percentage of the total number of hours
ina week. The other measures continuity
as the percentage of scheduled operating
time without penalty for scheduled main-
tenance time. Both definitions are use-
ful if properly understood, but both have
an important and fundamental fault in
the impression they create. Continuity
of performance should be measured in
the percentage of inoperative time rather
than in the percentage of operating time.
If asked how good your watch is, you
don’t say that it gives 1,439 minutes
correct out of the day, but rather that
it loses 1 minute per day. Ratios of
inoperative time are better indices of
quality than ratios of operating time.
I suggest that a 2 to 1 ratio in engineering
quality exists between 30 per cent and
60 per cent inoperative time and also
that a 2 to 1 ratio exists between
5 per cent and 10 per cent inoperative
time.

Error Frequency

There has been little discussion of
reliability in terms of frequency of errors.
There seems a strong tendency to meas-
ure mistakes in terms of errors per unit of
time. The digital computer profession
stands in aweof the veryenviable record of
the Bell Telephone Laboratories relay
computers. These are reported to have
made only one or two errors not caught
by their checking equipment in the period
of 5 years. A better criterion than the
errors per unit time might be the millions
of operations carried out between errors.
On this basis the Bell Telephone Labora-
tories record stands, according to legend,
at something like 35 million operations
per mistake. To equal this record, some
of the modern machines need to run
error-free for a period of only an hour
and a half, and this, indeed, has been
done.

I think that as a future trend we can
expect great strides in the reduction of
inoperative time and the elimination of
isolated machine” mistakes. It is an
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unusual person who can make 500 arith-
metic computations on the desk cal-
culator between errors. Machines built
today can do millions of operations be-
tween errors, and the next 5 years may
bring us machines with reliability against
random mistakes in the decade above
1,000 million operations per error. This
should be accomplished without unreason-
able cost. I therefore agree with the
comments on the EDSAC by Mr. Wilkes
and those on Whirlwind* I by Mr.
Everett that checking devices will be-
come unnecessary, and disagree with the
conclusions in the paper on Mark III by
Mr. Poorte that internal checking is
mandatory. The engineer here has a
challenge to build a reliability into his
computing machine comparable to that
existing in other modern machines. The
airplane engine operates 1,000 hours
between overhauls and many times that
between failures. Why not similar’ per-
formance from a computer?

Checking

The papers at this Conference disclose
two different attitudes toward machine
checking and isolated errors. One group
attempts to provide checking equipment
which will stop the machine when a
mistake is detected. The other group
places its reliance on the prevention of
mistakes. The choice apparently de-
pends on the error frequency which is
expected and on the type of application
for which the machine is designed.

For a very high error rate, say a few
thousand operations between errors, and
therefore performance which is only
one or two orders of magnitude above
manual computation, a detecting and
self-correcting error system is required.
The self-correcting feature might be
obtained by self-correcting codes which,
so far as I know, have not been used in
computing machines. Computations on
a self-correcting basis can be programmed
and this has been done.

For a medium-error rate, which might
be a million operations between mistakes,
self-checking, either built in or program-
med, is indicated. For short sequences
such a machine has a good probability
of getting a correct answer, and problems
can be rerun and the answers compared
if necessary.

For a small error rate, which might be
one mistake in ten million or one hundred
million operations, programmed checks
where applicable are entirely adequate.

For a negligible error rate, which we
might call one error per thousand million
operations upward, it is unlikely that any

111



attention to checking is required.

The choice between detection of errors
and the prevention of errors depends a
great deal on the application of the ma-
chine. Inordinary scientific and business
applications, the matter can rest entirely
on studying the economics of how to
assure a sufficiently reliable result.
Built-in checking equipment may be
desirable, but the complexity should be
weighed against duplicate solutions of
the problem. The equipment efficiency
criterion which I referred to earlier is a
helpful guide in making this decision.
The choice must be substantially influ-
enced by the desirability of having a logi-
cally simple machine which is easy to
understand and maintain. One departs
rapidly from the simple machine as
checking methods are introduced.

Very different considerations apply to
digital computers intended for real-
time control applications. A machine
intended for military or industrial control
must have a high probability of continu-
ously correct answers. This means either
a self-correcting error system or a negli-
gibly small error frequency. Error de-
tection alone is unsuited where the
answer is valueless unless obtained at
the time of the attempted solution.

Of the machines reported at this Con-
ference, only the Whirlwind I was de-
signed specifically for real-time control
and an error frequency low enough for
that application. Of, the scientific ma-
chines, it appears that the IBM Card-
Programmed Electronic Calculator, the
ERA 1101, the Ferranti machine, the
EDSAC, and the SEAC are getting satis-
factory operation without built-in check-
ing equipment. As near as I can tell
from the papers, the other machines de-
pend on built-in checking, or are as yet
untried in operation, or have presented
serious reliability difficulties.

Electronic Reliability

Consider now some of the factors
affecting electronic computer reliability.
The unreliability of electronic equipment
has reached almost crisis proportions in
military equipment of all kinds. Be-
cause of the special need for reliable
performance in the digital computer,
the digital computer engineers may be
forced to evolve methods of insuring
reliability which can help to alleviate the
poor performance in other branches of
electronics.

We do much talking about the unreli-
ability of tubes and components. It
seems to me, however, that the greatest
obstacle to good electronic equipment is
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the frame of mind and attitudes of those
participating in its design and procure-
ment. No one will admit to being disin-
terested in reliability, but the fact is
that theoretical performance, availa-
bility date, cost, and size are almost
always placed ahead of reliability. The
customer and the development engineer
share the blame. It is so much easier to
put definite numbers on storage capacity,
speed, delivery dates, and cost, and these
can effectively be used in publicity and
the procurement of contracts and the
appropriation of funds.

For lack of suitable criteria, reliability
has not even been defined, much less
evaluated. It is a controversial subject,
resting on professional opinion rather than
measurement. Reliability cannot be
tested in a few hours or days as can other
performance factors. The important as-
pects of reliability, such as freedom from
errors and ease of maintenance, need to
be evaluated under the conditions of the
ultimate application rather than in the
manufacturer’s plant. Poor reliability
is often dismissed on the basis of inade-
quate maintenance, unavailability of
proper test equipment, and a multitude of
other factors which either should have
been foreseen as likely by the manufac-
turer or remedied by the customer.

Another difficulty here is that no one
ever seems to be responsible for un-
reliable operation. It is charged to un-
avoidable and wuncontrollable circum-
stances and accepted as inevitable. This
again is an evidence of disinterest and
defeatism. Once the proper attitude
toward reliability has been developed in
the supplier and the purchaser, we need
have no fear for the reliability of the com-
ponents. Funds and man hours would
then be transferred from production of
final equipment to the necessary develop-
ment of suitable components. Adequate
emphasis would be placed on good design
and past failures would not be buried
but studied for their weaknesses. 1
would caution against feeling that any
magic will suddenly solve the dilemma of
electronic unreliability. It will be solved
only by hard work and long, meticulous,

. and expensive attention to detail.

We have had only a few suggestions
at this Conference for specific technical
ways for improving machine reliability.
One of these is the marginal checking
technique for depressing the performance
margins of components to see if they do,
in fact, have a safety margin between the
normal operating point and the point
of failure. We have had a favorable
account of marginal checking in the
Whirlwind T computer by Mr. Everett
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and Mr. Taylor. A modified form has
been successfully used in the ERA 1101
where marginal checking is done by vary-
ing filament voltage. Varying filament
voltage can be expected to catch deterio-
ration of tube cathodes which accounts
for half or more of electronic failures.
Filament variation is much less effective
than varying other voltages and pulse rep-
etition rates for finding changed charac-
teristics in resistors, crystal diodes,
and other circuit elements. Mr. Poorte
in his discussion of Mark III  suggests
that marginal checking would have been
a help to them. I believe that a good
marginal checking procedure will be
absolutely essential in achieving a neg-
ligible occurrence rate of isolated errors.
Marginal checking is a relentless tool in
pointing out design weaknesses in a new
machine. It gives good assurance of
freedom from random errors occurring
from components operating near thejr
failure threshold. It is of almost no
value in finding true intermittents, such
as opens and shorts which depend on
mechanical vibration. These mechanical
intermittents are the most serious re-
maining obstacle to eliminating isolated
mistakes in the digital computer.

Future Trends

We have heard the transistor proposed
for the elimination of failures now at-
tributed to vacuum tubes. The transis-
tor does indeed look promising. I would
caution against considering it a panacea.
Vacuum tubes in some computer ap-
plications have a failure record as low as
any thus far proven for transistors.
The transistor will improve with time but,
on the other hand, in a factory will not
be made with the loving care given to
the first laboratory models. As Mr.
Felker has told us, the transistor may
require rather special conditions in cir-
cuits which enhance its reliability. The
same care and concessions to the short-
comings of vacuum tubes can do wonders
for their reliability. With the proper
use of marginal checking, the vacuum
tube presents no serious problems except
from open welds and short circuits.
Again, with the proper attitude toward
reliable electronics, these difficulties could
be greatly reduced. Any of you who have
seen the frantic haste with which vacuum
tubes are assembled in the modern tube
plant must wonder that they come any-
where near their present freedom from
mechanical flaws. For computer use,
the transistor is not so interesting for its
small size and power consumption as for
the unproven possibility that it can be
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more free of intermittent changes in
performance than the vacuum tube.

I now wish to mention several interest-
ing items from the papers presented at
this Conference.

Only one of the machines. described,
the IBM Card-Programmed Electronic
Calculator, has had production and field
experience. The International Business
Machines people would have done us a
great favor to have given us more in-
formation and numerical data on their
service, maintenance, and field experi-
ences. An important change is occurring
in the ideas of how to administer a
computing center and a computing ma-
chine. In the past, computer time has
been so scarce and the changing from one
problem to another so difficult, that only
large blocks of time could be assigned to a
user. In many computing centers, un-
less the client wants the machine for a
month, he has almost no chance of getting
machine time. With the new types of
machines which can be changed in seconds
from one problem to another, it is no
longer necessary to put minimum limits
on sizes of problems. The machine user
can get time on the machine several times
a week with intervening periods for
studying results. This reduces greatly
the amount of computation which must be
done since he is under no compulsion to

do large amounts of computing of un-

certain future value for fear he will not
have another opportunity. There is no
economic foundation to the common
assumption that the large computer is
useful only for the large problem. The
modern digital computer provides com-
putation at a lower cost per unit of output
than can be obtained by any othermethod.
The lower economic limit for problem
size is well down in the range of problems
that are handled by manual computation.

Electrostatic storage tubes present a
number of interesting aspects. Of the
several electrostatic tubes receiving past
publicity only the Williams’ tube and the
MIT tube seem to be in digital com-
puter operation. If I may venture
some comments on the Williams’ tube
situation, I think it points up a number of
interesting facts in our attitude toward
reliability and performance. The tube
was developed by Williams’ for use in a
serial type machine which has success-
fully become the present Ferranti model.

Table Il. Digital Computer, Cost-Performance Criteria
Cost/Unit
Efficiency Performance
Computer Operations/Sec. $
Type Units of Equip. Operations/Sec.
Drum (1949)
Acoustic (1950)
Electrostatic (1951)
? ? (1956)

A serial machine of that type presents a

favorable regeneration ratio and the tube
can apparently be made to work well
with proper care in engineering its circuits
and environment. Even so, a special
design of tube has been used. We see
quite a different picture where the Wil-
liams’ principle is being employed in high-
speed parallel type machines. Here
many groups are planning to use the
Williams' tube, while few have adequate
research facilities to fully explore the
possibilities and limitations of the device
in the more unfavorable parallel opera-
tion. With too small a research staff,
each group is forced to a rather superfi-
cial attempt to place the tubes into a
machine with the optimistic hope that
operation will be satisfactory. Three
years ago I saw the first read-around
ratio test made on the first Williams’ tibe
operated in this country, and the re-
generation ratio was determined to lie
somewhere between 32 and 128 cycles.
-We are at about the same place today.

If I might refer to my earlier comments
on reliability and to the early motivation
for using the Williams’ tube, it seems that
we have departed from two sound ob-
jectives. The Williams’ tube was adopted
as a quick and inexpensive way of obtain-
ing storage with a standard electronic
component. There is every indication
that used with a small enough storage
density and a high enough regeneration
ratio it would in fact function well.
In the meantime, however, the goals
have been raised to the point where
the tube may mnot qualify. Might it
not be better first to accept what can be
accomplished easily before battling for an
elusive optimum?

For future trends it seems that the
electrostatic tube, regardless of type,
is but a transient on the stage and that
it is scheduled to be replaced in the next
few years by new developments in solid
state physics. A strong contender is the

3-dimensional inagnetic core storage
array with a good possibility for ferroelec-
tric storage.

In ‘the future development of com-
puting machines, we should expect more
attention given to terminal equipment.
Such a plea was made by Poorte in his
paper on the Mark III machine. Pres-
ent terminal equipment is relatively
inadequate. Also our ideas about the use
of terminal equipment and the kinds of
results to be obtained from high-speed
computers may be outmoded. There is
still a tendency to want entirely too
much tabulated data where we have
rather unsatisfactory printing machines.
As a way of avoiding part of this problem,
I think the cathode ray tube output for
graphical plotting should receive more
attention. Also we should direct the
machine to go further in data analysis
to condense results into a small volume of .
information for human consumption.

For future trends in machine perform-
ance, it seems to me that there is no
immediate hope for higher-speed video
circuits. There can, however, be higher
speed machines. A great deal of machine
time can be saved by analyzing computing
programs and providing special machine
logic or facilities for saving time in the
more frequent types of operations. In
particular this” applies to time-saving in
the red tape operations where the B-box
technique of the Manchester machine
might be cited as an example of.sub-
stantial progress.

Machine speed has increased by several
orders of magnitude over the last 10
years. In the future we can perhaps
get another decade in speed, but I doubt
that more can be accomplished without
a fundamentally new type of computer.
The great'steps in the mnear future, I
think, will be in the direction of simplifi-
cation without losing performance. It
seems clear that the complexity of com-
puters can and must be reduced.

Discussion

The following extension of remarks made
from the floor was submitted in writing:

John W. Carr III (MIT): During the
course of the convention sessions, informal

sessions were held by representatives of some
of the various computers now in operation
and under construction, to discuss problems
arising in programming. Present during
part or all of these sessions were the follow-
ing people:

Forrester—Digital Computers: Present and Future Trends

M. V. Wilkes—University of Cambridge,
England

J. M. Benneti—Ferranti, Ltd., formerly of
Cambridge .

D. J. Wheeler—University of Iilinois
formerly of Cambridge
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A. H. Taub—TUniversity of Illinois

H. E. Goheen—Moore School of Electrical
Engineering, University of Pennsylvania

M. Rubinoffi—Moore School of Electrical
Engineering, University of Pennsylvania

V. G. Smith—University of Toronto

H. Gellmann—University of Toronto

R. A. Niemann—Dahlgren Naval Proving
Ground

E. F. Moore—Bell Telephone Laboratories

J. Alexander—Argonne National Laboratory

W. F. Gunning—Rand Corporation

K. Uncapher—Rand Corporation

J. J. Connolly—Rand Corporation

F. M. Verzuh—Center of Analysis, MIT

C. W. Adams—Digital Computer Labora-
tory, MIT

John W. Carr, IIT—Digital Computer Lab-
oratory, MIT

J. T. Gilmore, Jr.—Digital
Laboratory, MIT

Computer

Operating Procedures

The first topic to be discussed showed
that there was a division of method in
operating the various computers. Dr.
Wilkes of EDSAC outlined the method used
in his Cambridge laboratory by which the
programmer normally prepares the punched
tape but, except on night shifts, leaves the
performance of the program to a computer
operator. C. W. Adams explained that his
MIT group separated the programming,
tape preparation and computer operation,
leaving each to a specialist. On the other
hand, R. A. Niemann stated that on the
MARK III calculator it is customary for a
programmer, aided by operators, to follow
the program until it is correctly stored in
the machine. Also, because of the length
of problems under solution on MARK III,
and the relative slowness of input, it does
not appear either useful or efficient to use
methods similar to those of Dr. Wilkes.
The Illinois group has not operated long
enough to have any set pattern of operation,
but Dr. Wheeler, formerly of EDSAC,
naturally showed sympathy with Dr.
Wilkes’ methods. However, Professor
Taub of Illinois stressed the importance of
the machine’s working for the user, rather
than vice versa, and suggested that carrying
the Wilkes-Adams philosophy to the ex-
treme might make the programmer the
slave rather than the master of the machine.
Dr. Wilkes and Mr. Adams agreed with the
premise but disagreed with the conclusion.
K. Uncapher of Rand Corporation stated
that the present Rand philosophy in using
IBM CPC machines was one similar to Dr.
Wilkes’. No conclusion was reached, but it
became apparent that this topic may well
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be a heated subject of controversy at future
meetings.

Preventing and Locating Mistakes
in Programs

The discussion on methods of minimizing
mistakes in programming and in locating the
mistakes which do occur opened with a
description of the methods of erroror blunder
diagnosis used on EDSAC, as described in a
book published recently by Wilkes, Wheeler,
and Gill entitled ‘“The Preparation of Pro-
grams for an Electronic Digital Computer,
with Special Applications to EDSAC”
(Addison-Wesley Press), and similar meth-
ods on the Manchester Computer (explained
by J. M. Bennett of Ferranti Ltd.). Dr.
Wheeler mentioned a new order-by-order
print-out technique developed by Dr.
Clippinger of Aberdeen, which traced the
path of control through the machine, print-
ing, however, only on the first passage of
each loop. Mr. Adams proposed a post-
mortem routine which consisted of printing
out the contents only of those registers
which had been changed during the running
of the program.

Dr. Smith of Toronto compared a pro-
grammer with a blunder in his program with
a lecturer at the blackboard who has become
entangled in his analysis; and suggested
that in both cases it might be better if both
retired gracefully and returned after re-
studying the problem in the less strained
atmosphere of his office.

Several suggestions were made as to
methods of pretesting programs before they
were run. The importance of double check-
ing by a second programmer was stressed by
Dr. Wilkes. Use of coding checkers with
jobs similar to copy readers on newspapers
was proposed by Dr. Smith. Dr. Carr pro-
posed special checking programs to check
only the logical structure of a program
(where more blunders are likely to occur)
with further arithmetic investigations being
made later if necessary. Dr. Wheeler sug-
gested that a programmer can more effec-
tively check his own work if he puts the
program aside for a week before checking it.

Of the special routines discussed, Cam-
bridge’s input program, the more elaborate
conversion program of MIT’s Whirlwind,
the Manchester duotricenary (32-base) in-
put, and the ORDVAC sexadecimal input
were compared. Dr. Wheeler predicted
possible changes in the ORDVAC scheme.

Dr. Wilkes proposed a ‘“‘free address”
system of coding in which only those words
which are actually referred to by instructions
in the program would be numbered, with all

words being assigned to registers in sequence
by the machine, and with the addresses as-
signed to the numbered words being inserted
automatically where needed. This method
would allow for corrections in programs
without need for renumbering, and would
generally free the programmer from his
bondage to the machine numbering system,
Various methods of representing subroutines
by artificial instructions were also discussed,
the assumption being that the input con-
version routine would automatically select
“and assign addresses to the proper subrou-
tines. -~

Universal Instruction Codes

The discussion on ‘‘Universal Codes’ to
facilitate communication between groups
degenerated into a free-for-all over just how
universal such a code should be. Dr.
Rubinoff of Moore School defended a near-
algebraic code, while others felt that codes
applicable only to machines of one classi-
fication (such as single-address or three-
address) might be more useful. It was
finally agreed that actually two types of
“Universal Codes’’ might be useful:

1. A truly universal code, perhaps simi-
lar to the Burks-Von Neumann device, that
would explain the workings of a program in-
dependent of the type of address.

2. A generalized single-address code that
would explain the workings of a problem in
a language understandable to all users of
single-address machines, with similar gen-
eralized 3- and 4-address codes.

Mr. Adams suggested the possibility of
adopting a “‘universal’’ code which could be
correctly interpreted not only by program-
mers but also by various different computers
by means of interpretive subroutines. Such
a scheme could permit the same program to
be used on different computers, albeit at a
loss of efficiency, and might aid in the adop-
tion of a truly universal code for future com-
puters.

Throughout this set of discussions, the
absence of mathematiciais and programmers
from NBS, Eckert-Mauchly, IBM, Aber-
deen, ERA, et cetera, obviously caused dis-
cussion to move in some particular direc-
tions rather than others, and therefore a
complete sampling of programming opinion
was not available. The consensus of the
group was that further discussions of this
type would be very helpful, and that formal
sessions should be included in coming con-
ventions, since the problems of program-
ming at this point appear as yet mostly un-
solved.
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