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USE OF A DIGITAL/ANALOG ARITHMETIC UNIT 
WITHIN A DIGITAL COMP UT ER 

Donald Wortzman 
IBM Corporation 

Yorktown Heights, New York 

Summary 

A novel approach to arithmetic operations in 
digital computers is described which combines 
digital and analog techniques. This is accom­
plished by using parallel-serial interconnections 
of digital/analog converters. The intercon­
nections are under stored program control and 
are effected by selecting multiplexers which 
route the analog signals to perform various 
arithmetic operations. The final analog signal, 
which is the result of the computation is con­
verted to digital form by means of an analog / 
digital converter. 

Because of the extreme parallel nature of D/ A 
Arithmetic, high computational speeds are 
attained, although all the ci. rcuitry is operating 
slowly by present digital computer standards. 
Using present techniques the analog nature of 
the computation limits the accuracy to four or 
five significant decimal figures. Therefore, 
the D/A Arithmetic Unit could not replace the 
arithmetic unit presently in digital computers, 
but could be used to solve problems or parts of 
problems that do not require extreme accuracy. 

Digital/Analog Arithmetic 

Introduction 

A computer is usually classified as being either 
analog or digital. Each has its advantages and 
disadvantages, when handling mathematical 
problems. In a previous paper l, it was shown 
how digital and analog techniques could be com­
bined to synthesize various analog type building 
blocks having accuracies not obtainable with 
conventional analog techniques. 

This paper suggests a method of combining 
digital and analog techniques in order to per­
form the arithmetic operations in digital com­
puters. The techniques offer the potentiality 
of extremely high computational speed at low 
cost. 

Arithmetic operations in the arithmetic unit 
described in this paper are performed without 
the use of conventional adder circuitry as found 
in most stored program computers. This is 
done by routing analog signals, by means of 
multiplexers, onto the reference voltage in­
puts of D / A Converter s, summing the analog 
signals thus formed, and finally converting 
the result to digital. 

Before beginning the discussion of the D/A 
Arithmetic Unit, a brief discussion of D/A 
conver sion, building blocks of D / A arithmetic, 
and several interconnections of them will be 
given. 

Digital to Analog Conver sion 

Figure 1 depicts a unipolar, three binary bit, 
digital to analog converter. DI' DZ, and D3 
are single-pole double-throw switches which 
can be thrown independently to zero volts or V r 
volts; zero being a logical 0 and V r volts being 
a logical I. If the output voltage is calculated 
as a function of Db DZ' and D3, equation I 
results: 

(1) 
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It should be noted that the bracketed factor in 
equation (1) is the definition of a binary number, 
where Dl is the most significant bit, DZ is the 
next most significant bit, and D3 is the least 
significant bit. Further, equation (I) illustrates 
that the open circuit voltage is not only propor­
tional to the digital input but is also proportion­
al to the reference voltage, Vr • 

Digital/ Analog Building Blocks 

Digital/ analog building blocks have both digital 
and analog inputs and outputs; to provide clarity 
th.e following rules are followed in this report: 

1. All digital quantities enter and leave the 
top of the block. 

Z. All analog quantities enter and leave the 
sides of the block. 

Figure Z, the D / A Converter, is the block 
representation of Figure 1. This block is im­
portant since it is through this that multiplica­
tion is performed. A requirement of the D/A 
Converter is that it present a small load to the 
voltage reference. The current that flows from 
the voltage reference must first pass thr'ough the 
the multiplexers, therefore a large current 
would produce a large voltage drop across the 
multiplexer's "on" impedance. 

Figure 3 is a summing amplifier. It is used 
for both impedance matching and summing of 
the analog signals. Since it is required to 
have little dc drift, it would most likely be 
chopper stabilized. 

The multiplexer, Figure 4, is one of the most 
important blocks, since it is through multi­
plexing that the different arithmetic operations 
are performed. It is required to have a low 
"on" impedance and a moderately high "off" 
impedance. 

The circuit of Figure 5 is a variable gain 
amplifier. This circuit is similar to the 
summing amplifier except that the feedback 
can be varied by means of the digitally con­
trolled D/A Converter, which can change the 
gain to any of three values, one-tenth, one or 
ten. This scaling helps conserve the accuracy 
of the D/A Arilhm.etic Unit. 

The comparator, Figure 6, is the last of the 
building blocks that will be described. A 
positive current flows into A and a negative 
curr ent flows out of B. The digital output D 
indicates which current is larger in magnitude. 
Tlts circuit is used in converting the analog 
result of the arithmetic computation to digital 
form. 

Interconnection of Building Blocks 

In Figure 7, the digital output of the compara­
tor controls the logic which strives to make 
BI and BZ equal. 

Under this condition: 

(2) 

If AI. AZ and DZ are preset and DI is varied 
until /BI/;:./BZ/' then equation 2.can be re­
written as: 

(3) 

If on the other hand. AI' AZ and DI are preset 
and DZ is varied until BI ;:. BZ. then equation 2 
becomes: 

Al 
DZ;:'- DI 

AZ 
(4) 

The significance of equations 3 and 4 is that 
depending on whether Dl or DZ is preset. the 
function or its reciprocal can be digitized. 

in Figure 8, C 1 is equal to the negative product 
of Al and DI or 

(5) 

Similarly Cz is equal to the negative product of 
AZ and DZ or 

Cz =-AZ . DZ 

The voltage B is equal to the negative of the 
sum of Cl and Cz or 

(6) 

In Figure 9. the output voltage B is equal to the 
product of U. DI and DZ. U is the normal ref­
erence voltage and is assigned the value unity. 



therefore: 

B = U . Dl . Dl = Dl . Dl (8) 

Digital/ Analog Arithmetic Unit 

Thus far, the "digital/analog building blocks and 
some simple inter connections of them have been 
explained. Figure 10 is the digital/analog arith­
metic unit. It consists of three sections. 

Section I performs tl},e arithmetic operations. 
It contains 16 D/A converters, l4 negative unity 
gain amplifiers and 7l multiplexers. It should 
be remembered that with various interconnec­
tions of D/A converters and amplifiers many 
arithmetic operations can be performed. How­
ever, with as many as 16 D/A converters, it is 
unlikely that any particular arithmetic operation 
would have many applications. The multiplexer s 
reroute the analog signals so that many different 
arithmetic operations can be performed. In 
other words, by means of multiplexing, the in­
terconnection of the D/A converters can be al­
tered, thereby changing the programmed arith­
metic operations within a few microseconds. 

Section II is a digitally controlled variable gain 
amplifier. It adjusts the gain so that the input 
to Section III is as large as allowable. This is 
done because Section III contributes the largest 
part of the total error, so that if the gain of the 
variable gain amplifier is large, the relative 
error due to Section III is small. 

Section III performs the analog to digital con­
version. It can perform one of two functions. 
Either it converts the value of the input analog 
signal or it converts the reciprocal of the input 
analog signal. If the input voltage is positive, 
then the input is used as reference for D/ A18, 
and - U is used as reference for D/ A19' Re­
calling from Figure 7 that depending on which of 
Fl or F 3 , Figure 10, is preset a,rtd which is 
varied until the inputs to the comparators are 
equal will determine whether the function or its 
reciprocal is digitized. If the input is negative, 
then the input would be used as reference for 
DiA19 and +U would be used as reference for 
D/A18' The polarity indicator is used to make 
this decision. 

In summary, the arithmetic operations are per­
formed in Section 1, and Section II and III con­
vert the output of Section I into digital form. 

To illustrate the flexibility of digital/analog 
arithmetic two different problems are set up for 
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solution. The first is the computation of the 
first e~ght terms of a Taylor series with arbi­
trary coefficients; the second is the multiplica­
tion of two eight by eight matrices. 

Example One. Assume that it is desired to cal­
culate eX for arbitrary values of x. If eX is ex­
panded in a Taylor series the result is: 

(9) 

If the proper multiplexers of Figure 10 are in 
the 1 state and all other's are in the 0 state, the 
interconnection illustrated by the heavier line 
in Figure 11 results. 

In Figure 11, the output of A3 is equal to x. It 
is the reference to D/AS' therefore, the output 
of AS is proportional to xl, and similarly the 
output of A7 is proportional to x 3 , and so on. 
The digital input to D/ Al is I, therefore, the 
voltage at BI is equal to 1. The digital input to 
D/A4 is also 1. Because its reference is equal 
to x, the voltage at Bl is equal to 1 . x or just 
x. Similarly, the voltage at B3 is equal to 
xl/ll and so on. The voltages of B1, Bl ... B8 
are all summed in the summing amplifier in 
Section II and its output is equal to: 

(10) 

or eX to the accuracy of the 8 terms of the 
Taylor series. This voltage can be used as 
such, or it can be converted to a digital number 
in Section III. If the value of eX for a different 
value of x is desired, the coefficients remain 
the same and x is changed. For values of x 
greater than I, 8 terms of the Taylor series 
may not be sufficient. For this case additional 
terms can be calculated separately and the re­
sults added. 

Example Two. The second example is the multi­
plication of two eight by eight matrices. In sym­
bolic form: 

(C) = (A) (B) (11) 

where the ijth entry of (C) ~ 

..... ai8 . b8j (1l) 
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Figure 12 is the interconnection (heavy lines) 
that would perform this operation. The digital 
input to D/ A1 is ail' making the reference to 
D / AZ pr oportional to ai 1. The digital input to 
D/ Az is b1j and therefore Bl is a voltage pro­
portional to ail . b 1j . Similarly BZ is propor­
tional to ai2 . bzj and so on. The voltage of B1' 
B2 .. BS are all summed in the summing ampli­
fier in Section II and its output is proportional 
to: 

This voltage is converted to digital form in 
Section III. When multiplying two eight by eight 
matrices, 64 such multiplications must be per­
formed. In order to obtain the CiC ... l) term, the 
"a" entries stay the same- and only ~e "b" entries 
must be changed. In other words, in order to 
get succeeding C entries only half the informa­
tion must be changed. This of course is time 
saving. If larger than eight by eight matrices 
are to be multiplied it is done in parts, and the 
results are added. 

Although it has not been shown, the sign is 
handled by digital means. This is easily done 
because the', information that chooses the proper 
channels to be multiplexed. determines the flow 
of information. It turns out that this coupled 
with the mathematical rules for signs is enough 
to compute the sign of each term. Referring to 
Figur e 10 again. it can be seen that if 51 is mul­
tiplexed in and Sz is multiplexed out. B 1 will be 
positive. If the reverse is true. Bl will be 
negative. The digital logic handling the sign 
decides whether Bl should be positive or nega­
tive and selects 51 and Sz accordingly. BZ. B3 
..... BS are handled in the same manner. 

Another important point is that although only 
digital inputs were used in both examples. com­
binations of both digital and analog inputs could 
be operated on. In figures 10. 11, 1Z multi­
plexers M4. MS. M1Z. etc. can be used for this 
purpos e . The typical digital/analog arithm-etic 
unit would have this flexibility. 

The D/ A Arithmetic Unit described in this 
report is just an idea. however a scaled-down 
model has been built. which at least demonstra­
tes the feasibility of such a system. 

The building blocks which make up the D/A 
Arithmetic Unit were originally designed for 
use in an A/D Converter. In order to test the 
A/D Converter a special tester was built. The 
tester would generate. by means of a D/A Con­
verter. various voltages controlled by a fixed. 

program and the A/D Converter would convert 
these voltages back to digital. This digital quan­
tity would then be compared to the digital quantity 
in the tester. If they were different by more than 
a prescribed amount the tester would stop and 
an error indication would result. If the error 
was smaller than the prescribed amount the 
tester would generate a new voltage and the 
process would be repeated. If the system dia­
gram of the converter-tester combination is 
referred to. Figure 13, it will be noticed that it 
has many of the component building blocks of the 
D/A Arithmetic Unit. and could be considered as 
a scaled model of it. The results of the tests 
made on the converter-tester combination not 
only demonstrated feasibility of the DI A Arith­
metic Unit but ,gave indication of what could be 
expected in terms of speed and accuracy. 

As far as speed goes the converter-tester com­
bination was run at 100 usec. cycle period. a 
cycle consisting ~f generating a voltage in the 
tester. DIAl' converting it back to digital in the 
converter. D/Pg comparing it with the original 
digital input and then making the decision 
whether to generate another voltage or to stop 
the hlachine. Therefore, a D/A Arithmetic Unit 
which performs at a speed of 100 usec per 
operation is consistent with the actual perform­
ance of the scaled model. 

In the data taken of the accuracy. the maximum 
error between the digital generated number and 
the digital output was less than t .05 full scale, 
although the vast majority of errors fell within 
± .OZ, full scale. This large difference between 
the maximum error and the vast majority of 
errors is to be expected in successive approxi­
mation type AID Converters. The reason for 
this will not be discussed in this report. How­
ever. this error is quite small when one consi­
ders the number of contributing factors to it. for 
example. two D/A Converters, two independent 
references. one amplifier and one comparator. 
In the D/ A Arithmetic Unit two separate refere­
nces would not be used as was in the model since 
the reference is the most difficult to accuralely 
control. There are two other facts about this 
test that are most encouraging. The fir$t is 
that none of the semiconductor elements neces­
sary for this high accuracy were specially sel­
ected for this purpose. Most of these semi­
conductors were randomly selected from normal 
digital computer lots. The second important 
fact is that many of the circuits used in this test 
were superceded by later designs, which would 
improve the operation considerably. These tests 
and those made on the indivic:hal circuits indicates 
that D/A and AID conversions can be performed 



with average accuracies of .0010/ of full scale 
and .010/ of full scale respectively. 

If these performance specifications are written 
in terms of Figure 10, then it appears practical 
that Section I could be made accurate to one part 
in 100 thousand of full scale and that Section III 
could be made accurate to one part in 10 thousand 
of full scale. The difference in accuracy bet­
ween Section I and Section ill is the main reason 
for requiring Section II. As an example assume 
that A' B is to be solved. A current is produced 
at the output of Section I accurate to one part in 
100 thousand of full scale. Assume this pro­
duces an equivalent voltage at the output of 
Section II also accurate to one part in 100 thou­
sand. If this voltage is numerically ~qual to 
7.6328 volts, when it is converted in Section III 
four place accuracy is obtained, so that the vol­
tage of 7 .6328 volts will convert to 7 .632 volts. 
In other words, the last place figure is lost. 
However, because Section II is a variable gain 
amplifier this last figure can be recovered. If 
now a slightly different problem is solved 

A . B - 7.6320 (14) 

the voltage at the output of Section II will now 
become 

7.6328 - 7.6320 

or (15) 

0.0008 

Since Section III is only accurate to four places 
o .0008 cannot be converted to digital in 
Section ill. but if the gain of Section II is in­
creased by a factor of 10. the output voltage of 
Section II would be 0.0080 and Section ill could 
convert this voltage and obtain an eight in the 
last place. If the value of the first conversion 
7 .632 is added to the value of the second con­
version 0.0080, 7.6328 results. This is the 
answer 10 desired. In other words. if 
Section I is accurate to five places. a five place 
answer can be obtained. by-using techniques 
such as these. 

Auxiliary Arithmetic Unit 

In order to present a better understanding of 
how the D/A Arithmetic Unit might operate with­
in a digital computer the entire auxiliary arith­
metic unit of which the D / A Arithmetic Unit is a 
part will be described. 
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Figure 14 is the Auxiliary Arithmetic Unit (AAU). 
The inputs to AAU are from two sources. The 
digital information is from the digital computer 
(not shown) whereas the analog information is 
from external analog sources (also not shown). 
for example. strain gages. tachometers. thermo­
couples. pressure gages or any other device 
whose reading can more conveniently be con­
verted to a voltage rather than directly to a 
digital quantity. The analog sources may be 
connected to the AAU through a bank of multi­
plexers. The output is a digital quantity which 
is the result of the computation and which gen­
erally goes back to the computer or possibly a 
remote D/A Converter which controls a part of 
a process by ineans of a voltage. The easiest 
way towards understanding of each of the building 
blocks in Figure 14 is to show the chronological 
order of events when solving a problem in AAU. 

1.. A "Load Information" command comes from 
the digital computer which tells AAU that 
the operation registers and the data regis­
ters are to be loaded. (Referring to Figure 
10 and Figure 14. the data registers contain 
the digital information D l • D2 •.... D16 and 
the operation registers select the operation 
or computation.) In order to permit this 
loading, the information gate as sociated 
with these registers is opened by the con­
trois. 

2. The digital information comes from the 
computer s erial by word, each word con­
taining a tag which tells whether it is an 
operation or data. The word is then gated 
into the proper register. This process is 
continued until the operation and all the 
data is loaded into the proper registers. 

3. The "Load Information" line is lowered. 

4. The signs. '" • of the data D and the opera­
tion information M. N, V are applied to 
polarity decoder. The output S of the polar­
ity decoder is applied as the digital control 
signals Sl' S2' S3' S4' etc. 

5. The operation information M. N. V is applied 
to their respective multiplexers which digi­
tally controls the operation. 

6. The digital information D is applied to the 
appropriate converters. 

7 . The "Start Computation" command is given. 

8. The polarity output P which senses the 
polarity of the output of Section II. Figure 

10. select Tl and T4 or T3 and T4 



274 
6.2 

accordingly. In Figure 11 and Figure lZ 
the polarity was negative so therefore TZ 
and T3 were multiplexed in. 

9. The polarity output P together with q,. 
(which determines whether the function 
or its reciprocal is wanted) presets FZ 
or F3 in the manner previously described. 

10. The scaling factor Fl b selected. This 
can be done in several ways. One method 
is to have the polarity block of Figure 10 
also give the approximate magnitude of the 
voltage at the output of Section II and then 
select the sc;aling 'of Fl accordingly. 

l1. The answer appears in FZ or F3 depending 
on step 9. The information in Fl is also 
needed since this is the scaling factor. 

lZ. The process is repeated for the next 
problem. 

The auxiliary arithmetic unit performs fixed 
decimal point operations and therefore the 
decimal point must be considered separately. 

Conclusions 

Accura£Y 

Practically, an average accuracy of ± .0011 
to ± .011 full scale can be achieved. Since 
most of the errors are fixed, it is particularly 
desirable to operate as close to full scale as 
possible. The variable gain amplifier helps 
achieve this. Some numerical methods have 
been considered for the purpose of improving 
the accuracy. In general, their shortcomings 
outweigh the increase of accuracy they may 
offer. 

When all is said and done, digital/ analog arith­
metic will not be useful where accuracy is at a 
premium. However, there are some problems 
in which its accuracy may be sufficient. In 
some problems the accuracy of the information 
is limited, so that extreme accuracy of compu­
tation is unwarranted. Two examples of this 
occur in industrial process control and circuits 
analysis. In the former the input information 
is in analog form and in the latter, the most 
precise components are often 51 resistors. 

In digital/analog arithmetic most operations 
take the same time, for example, the solution 
of: 

y=aTb (16) 

would take the same time as: 
( 17) 

about 100 usec. 

The average speed of computation for the single 
addition in the first example is 100 usec., 
whereas the average speed of the 8 multiplica­
tions and 7 additions in the second problem is 
6.8 usec. per single computation. The latter 
speed is fast even when compared to high- speed 
digital arithmetic. 

Another aspect of speed to consider is the 
number of times memory must be used in the 
course of computation, since in high-speed 
computation the memory may be the limiting 
speed factor. Therefore, a less conspicuous 
advantage of digital/analog arithmetic is that it 
requires fewer trips to memory for similar 
computation as compared to digital arithmetic. 

A third important factor is that during the time 
the digital/analog arithmetic unit is computing, 
it can operate completely independant of the 
rest of the computer. This allows the computer 
to perform its necessary functions in parallel 
with the digital/analog arithmetic unit for most 
of its cycle. Also, becaus ether e is a long 
lapse of time between successive operations, a 
high percentage of this time can be utilized. 
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A HIGH-SPEED SERIAL GENERAL PURPOSE COMPUTER 

USING MAGNETOSTRIC TIVE DELAY LINE STORAGE 

By 
Robert Mark Beck 

Packar~ Bell Computer Corporation 

Los Angeles, California 

Summary 

This paper presents the design objective 
of a general purpose computer which is in­
tended to serve as a component in special 
purpose systems. 

Some of the design considerations applied 
toward meeting these objectives are also pre­
sented. The significance of the use of magne­
tostrictive delay memories in a low-cost 
computer as well as the approach used to mini­
mize the active elements in a flexible computer 
input/output system are discussed. 

Introduction 

For the past three years, Packard Bell 
Computer Corporation has designed and de­
veloped lJpecial purpose data gathering and 
data handling systems. 

A typical system function is to translate 
several channels of analog information into a 
prescribed digital format and record the digital 
information on magnetic tape. In these 
systems, an electronic mUltiplexer selects the 
proper channel of input voltage and holds it for 
digitalization by an analog-to-digital converter. 
A special digital control unit then edits and 
arranges the digital information into the re­
quired format. The digital information is then 
recorded on magnetic tape. 

Another typical· system function is to 
generate control signals as a function of 
several analog inputs. The control signals 
thus generated are used to select, operate, or 
control other units. A system of this type may 
become very extensive, with many registers 
required for such functions as accumulation of 
data, multiplication, memory, shifting, or 
intermediate storage of data. Therefore, even 
a low-performance system of this type may re­
quire over ZOO flip-flops and 500 words of 
memory. 

Upon investigation of the special purpose 
system approaches described above, the follow­
ing major disadvantages were determined! 

a. It is difficult to meet short schedules. 
Large amounts of expensive design and develop­
ment time are required since each system 
must be built for its special function. 

b. The special purpose system is not 
flexible; therefore, when it becomes obsolete, 
only a minimum of the 'Components can be 
salvaged. 

c. Because of the relatively short life of 
special purpose systems, maintenaru::e knowl­
edge and records can not be effectively accumu­
lated. 

Examination of the above facts compared 
with general purpose computer characteristics 
resulted in the following conclusion: A special 
purpose system could have a major portion of 
its disadvantages eliminated by making the heart 
of the system a general purpose computer, es­
pecially designed with a flexible input/ output 
which would allow it to operate with other equip­
ment in the system. Of course, the crux of this 
idea is to have the majority of the system engi­
neering expressed in computer programming 
instead of special hardware. The major ad­
vantages to be derived from this method of 
implementing special purpose systems are as 
follows: 

a. Design and development time are mini­
mized since a large part of the system function 
is performed by the computer. Only the program 
of the system must be developed, and portions 
of it may be existing subroutines. 

b. The system is flexible since changes 
are easily incorporated in the program to meet 
new or revised system requirements. 

c. The computer continues to be useful 
even after the special purpose system becomes 
obsolete. The major components, including the 
computer, may be kept intact for use in future 
systems. The program is the only part of the 
system which becomes obsolete. 

d. The reliability and ease of maintenance 
are increased because continual maintenance 
knowledge and records will be retained for the 
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computer t which is a maj or portion of the 
system. Check routines may be incorporated 
to ensure that the computer is operating cor­
rectly. 

Design Specifications 

A computer to be used as a systems com­
ponent, as set forth in the introduction,requires 
stringent design specifications. 

The computer must be very fast to per­
form sequentially the operations of a special 
purpose digital system. Furthermore, a low 
component count is necessary to make the com­
puter cost competitive with the special equip­
ment it replaces. 

The communication required with other 
units in a system dictates a flexible input/ 
output. Many input/ output channels with many 
codes and formats must be available. 

To be economical in all cases, the memo­
ry capacity must be expandable so that the 
memory capacity can suit the size of the job. 
Furthermore, programming should be made as 
easy as possible in order to keep the program­
ming time and expense less than the engineering 
which it replaces. This suggests a complete 
command list using single address operation. 
Finally, if the computer is to be a component 
in a system, it should be compact and suitable 
for rack mounting. 

Analysis of the above requirements led 
to the design goals as follows: 

1. 

2. 

3. 

High-Speed Operation - -

50,000 commands per second 

Minimizahon of Components 

a. 30 Flip-Flops 

b. 300 Transistors 

Flexible Input/ Output - -

a. Basic: 

Flexowriter with Reader and Punch 

b. Other Equipment: 

Magnetic Tape Handlers 
High-Speed Paper Tape Punches 
High-Speed Paper Tape Readers 
Analog Voltage Multiplexers 
Digitizers 
Digital-to-Analog Converter 
Card Punches and Readers 
External Core Memories 

4. Expandable Memory - -

a. Basic - - 2,000 words 

b. Expanded - - 16,000 words 

5. Easy Programming - -

a. Complete Set of Instructions 

b. Single Address Operation 

c. Double Precision Commands 

6. Word Size - - 21 Bits plus Sign 

7. Compact Construction - -
Suitable for Rack Mounting 

Computer Description 

Using these design goals, the first design 
conferences were started in November 1959. 
A 10-man engineering team took part in these 
design conferences. This team worked simul­
taneously on the logic, circuitry, and mechanic­
al design of the proposed computer. 

In August 1960, a prototype of the computer 
was placed in operation. Circuitry reliability 
testing and program checking have been con­
tinuously performed on this computer since it 
was placed in operation. 

During the prototype checkout, ten pro­
duction computers were built. The first pro­
duction cOlll:puter was delivered in October 1960. 

Memory Elements 

The fundamental design decision was to 
chose the type of memory element. Initially, a 
magnetic drum with a 1 mc bit rate and speed 
of 400 cps, and a low-speed core memory with 
a cycle time of 10 microseconds were con­
sidered. 

Our attention then turned to magnetostric­
tive delay lines, as a result of articles published 
by the Ferranti Company and Arma Corporation 
on the use of magnetostrictive delay line memo­
ries in the Pegasus computer and the Titan_ 
Missile test computer, respectively. An ex­
pandable memory could be made very con­
veniently by packaging each memory line as a 
plug-in module. Based on a temperature coef­
ficient of 0.5 PPM/oC, 6,144 bits could be 
stored in each memory line register. This 
would realize 256 words of 24 bits each per 
memory line. Furthermore, using a 2 me NRZ 
writing process, the desired goal for a high­
speed serial operation would be practical. Hence, 
based on these advantages, magnetostrictive 



delay lines were chosen for the memory of the 
PB 250 general purpose computer. 

Figure 1 shows a complete memory line 
module. This circuit card includes line ad­
dress selection circuits in addition to the line 
and the reading and writing circuits. The 
writing circuit consists of a flip-flop which is 
DC coupled to the magnetostrictive line's input 
transducer. The reading transducer presents 
a 2 mv peak-to-peak differential signal. This 
signal is amplified, then reshaped by a Schmitt 
circuit. The output of the Schmitt circuit is 
gated into the read flip-flop. The waveforms 
as they appear at various points in the delay­
line register are shown in Figure 3. 

Figure 2 shows a one-word delay line 
module which is used in arithmetic portions of 
the computer. This circuit circuit card is 
smaller because it does not contain line address 
selection circuitry. 

Computer Circuitry 

The characteristics of the basic circuits 
used in the PB 250 are outlined below: 

1. Gating - -

2. 

3. 

a. Voltage Levels: 
o volts (ft fals e ff level) 
- 8 volts ( It true fI level) 

b. Structure: 

Two-level AND gates feeding OR 
gates. 

Clock Waveform - -

Single phase, 2 mc square wave. 

Flip-Flops - -

a. Construction: 

Two Transistors ( no clamping) 

b. Input Coupling: 

Capacitor - Diode 

4. Emitter Followers 

One-Transistor 

5. Inverter s - -

One-Transistor 

Where delays would become too great, 
transistor OR gates are formed by connecting 
the emitters of several emitter followers. 
Figure 4 shows the basic circuit configurations 
( specialized circuits such as solenoid drivers 
and clock generators are omitted). All circuits 

285 
6.3 

were designed to achieve reliable performance 
with a minimum of semiconductor elements. 
These circuits were derived from 3 mc circuits 
used in Packard Bell Computer Corporation's 
TRICE Computer ( a digital differential analyzer 
system). 

Computer Organization 

The computer word is made up of 24 bits. 
Two of the bits, the first ( a guard bit) and the 
24th ( an odd parity bit), are not available to 
the programming. Numbers in the machine are 
expressed in binary with 21" bits plus sign. The 
command format is indicated in Figure 5. This 
block diagram also shows all the basic elements 
of the PB 250. The heavy-lined rectangles 
locate the five one-word magnetostrictive delay 
line registers. The computer's 32 flip-flops 
( excluding reading and writing flip-flops for 
magnetostrictive delay line registers) are 
summarized in Table 1. 

Arithmetic Operations 

The computer's arithmetic operations are 
based on the three one-word registers: A. B, 
and C. 

For double preCision operations, the A and 
B registers are arranged to handle double pre­
cision numbers with the sign and 21 most sign!­
ficant bits of the number in A and the ZZ least 
significant bits in B. The basic arithmetic oper­
ations are outlined below: 

1. Addition and Subtraction - -
Addend or Minuend ---_._ .. - A or A and B 
Augend or Subtrahend .. Memory 

Results .. A or A and B 

Z. Left and Right Shifting - -

3. 

4. 

A Register and B Register shifted as a pair, 
C Register is incremented or decremented 
to allow for efficient floating point subrou­
tines. 

Multiplication - -

Multiplier .. B Register 
Multiplicand ... C Register 

Produ~t .. AandB 
Registers 

Division - -

Numerator ~ AorAandB 
Denominator ~ C Register 

Quotient ... B Register 
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5. Square Root - -

Argument -------1 __ A or A and B 

Square Root of 
Argument ------..... - B Re gister 

Each of the short registers recirculates 
once per word time. Therefore, multiply, 
divide, and square root commands produce one 
new bit in the answers for each execution word 
time. The shift operations require one word 
time per shift. These commands are executed 
for a programmed duration, for improved opti­
mum programming. 

Timing 

Two methods of programming exist for the 
PB250. The normal computer program con­
sists of reading successive commands in se­
quence from a command line. This method 
offers optimum storage usage. Every 3-milli­
second cycle of a long memory line, a new 
co~and is read and executed when the operand 
in the command appears. Hence, the computer 
waits a major portion of the time. An operation 
rate of 333 commands per second is realizable 
using this method of programming. 

To provide high-speed operation, an 
optimum time programming technique is av-ail­
able. Any command which contains an opti­
mum code bit is called alL optimized command. 
The command immediately available at the com­
pletion of the execution of the optimized com­
mand is read. Hence, the computer can be 
reading or executing a command at all times. 
Using optimum time programming, a compu­
tation rate of 40,000 commands per second is 
obtainable. 

The execution time for addition or sub­
traction is 12 microseconds for single preCision 
numbers and 24 microseconds for double pre­
cision numbers. Execution of left shifting, 
right shifting, multiplication, division, and 
square root commands requires 12 microseconds 
per word time of execution. As previously 
mentioned, the length of execution of these com­
mands is programmed within the structure of 
the command. For example, a full-length, 
22-bit plus sign multiplication requires 276 
microseconds. Hence, with optimum time pro­
gramming, the PB250 can perform 2,800 full­
length multiplications per second. 

Input! Output Operation 

The bulk of the input! output capability of 
the PB Z50 is designed into the command struc­
ture. The computer handles characters in any 
code configuration ( up to 8 bits per character) 

for input! output operation. 

Each output character is delivered by an 
output command which has a programmed du­
ration. This programmed duration is control­
led by using the C Register as a counter to pro­
vide output character signals ranging from 12 
microseconds to 24 seconds. 

Each 8-bit input character is entered into 
a small input buffer contained in the computer. 
These 8-bit input characters are assembled 
into words by computer programming. The 
same computer circuits are used to handle 
character rates of 10 cps to 2,000 cps in an 
efficient manner. 

Computer handling of each character by 
programmed operation removes any restric­
tions on codes or formats and also minimizes 
the amount of hardware applied to input/ output 
operation in the computer. High data transfer 
rates may be obtained by using an external 
buffer. For control applications, the computer's 
complement of links with external equipment is 
completed by its ability to sense the many input 
lines and generate many f'f string pulling" out­
put signals. 

An external 2 mc shift register is provided 
as auxiliary equipnlent for large, quick bursts 
of input or output data. This is especially use­
ful when dealing with analog-to-digital and 
digital-to-analog converters, card readers and 
punches, line printers, etc. 

The computer may be programmed to sense 
many parallel input lines. This capability is 
enhanced by a command which allows program 
branChing based on any of 30 input lines. The 
converse is available for output operation; that 
is, output pulse signaling to anyone of 30 out­
put lines. 

Finally, to provide a maximum of flexibility 
for input and output, a special provision is in­
corporated for synchronbing and interconnecting 
two or more PB 250. s. With this arrangement, 
one computer may serve as the central com­
puter, while other computer s may be us ed for 
input and output functions. 

Packaging 

Figures 6, 7, and 8 show the computer as 
a rack-mounted component. The PB250 re­
quires 33 1/4 inches of vertical rack space. 
The Flexowriter requires an additional 17 1/2 
inches of rack space. 

The computer frame can accommodate up 
to 15 memory lines ( approxinlately 4,000words). 
Additional memory lines may be mounted in 
another chassis. Any 256-word memory line 



may be replaced by a shorter line, such as a 
l6-word line. for increased fast access memo­
ry. 

The total component count includes only 
375 transistors and 2,300 diodes. There are 
120 plug-in circuit modules. The open-book 
case style. as shown in Figure 7, allows easy 
access to all the socket wiring of these modules. 

For program tracing, the control panel at 
the left side of the front panel indicates the 
status of the static flip-flops. The marginal 
test switches located on the control panel are 
used for varying the clock period. Further 
m4rginal checking may be performed by ad­
justing the two main power supply voltages, 
+ 6 volts and - 12 volts. 

Performance Review 

Although the PB 250 Computer was designed 
to be a useful system component, it has also 
proved to be a powerful general purpose com­
puter. With, an automatic optimum program­
ming assembly routine and a library of rou­
tines and subroutines, the PB 250 provides the 
greatest advance in low cost computers since 
magnetic drums were first used. 

Efficiency of the computer is greatly in­
creased by the use of the solid-state devices 
such as transistors, diodes, and magnetostric­
tive delay lines. The efficiency of these com­
ponents is made pos sible by using a 2 mc 
operating frequency ( about 10 times the fre­
quency of drum computers). This frequency 
also allows more efficient logic coupling bet­
ween the input/ output equipment and the com­
puter. Hence, the burden of input and output 
operations is placed on programmed subrou­
tines, thereby reducing input/output hardware, 
and' thus compensating for the expense of high­
frequency components. 

The PB 250 approaches or exceeds the 
design ,?bjectives that were set for it. A large 
numbei of special system programs are now 
being prepared with very satisfactory perform­
ance indicated. These systems include tracking 
radar antenna control, power plant control, 
atomic reactor data logging, etc. 

The complete PB 250 command list is 
presented in Table 2. The commands in the 
top half of the list are the basic single address 
operations, whereas the commands in the lower 
half of the list have a programmed execution 
duration which starts in the word sector after the 
command is read and ends at the address speci­
fied by the command. 
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Flip-Flops 

FI, F2, F3, F4, F5 

Ec, Rc 

Is 

Oc, 06, OS, 04, 03, 

L5, L4, L3, L2, Ll 

K3, K2, KI 

Sc 

Ca 

Of 

Pc 

Ae, Be, Ce 

Rf, Tf 

02, 01 

Table 1. 

Function 

Pulse Time Counter ( P 1 - P 24 ) 

Phase Control - -

Ec Rc : Wait to Read Command 

Ec Rc: 

Ec Rc : 

Ec Rc: 

Read Command 

Wait to Execute Command 

Execute Command 

Comparison Detector - -

Compares Sector Counter and Instruction 
Register 

Operation Code Register 

Operand Line Registel 

Command Line Register 

Carry for Sector Counter 

Carry for Arithmetic Unit Adder 

Overflow 

Parity Check 

Arithmetic Unit Register Shift Flip-Flops 

Reader and Typewriter Controls 



OP 

00 

01 

02 

03 

04 

05 

06 

07 

10 

11 

12 

13 

14 

15 

16 

17 

20 

21 

22 

23 

2.4 

25 

26 

27 

30 

31 

32 

33 

34 

35 

36 

37 

HLT 

lAC 

IBC 

LDC 

LDA 

LDB 

LDP 

STC 

STA 

STB 

STD 

ADD 

SUB 

DPA 

DPS 

NAD 

LSD 

RSI 

SAl 

NOP 

lAM 

MLX 

SQR 

DIY 

MUP 

TCN 

TAN 

TBN 

TRU 

Command 

Table 2. 

OP 

Halt 

Interchange A and C 

Interchange Band C 

LoadC 

Load A 

Load B 

Load AB double precision 

Store C 

Store A 

Store B 

Store AB double precision 

Add 

Subtract 

Add double precision 

Subtract double precision 

Normalize AB 

Left Shift AB 

Right Shift AB 

Scale AB 

40 

41 

42 

43 

44 

45 

46 

47 

50 

51 

52 

53 

54 

55 

56 

57 

60 

61 

62 

63 

No Operation 64 

Interchange A It M 65 

Move Memory Line to Line 7 66 

Square Root of AB to B 

Quotient of AB+ C to B 

Product of B x C to AB 

Transfer if C negative 

Transfer if A negative. 

Transfer if B negative 

Transfer unconditionally 

67 

70 

71 

72 

73 

74 

75 

76 

77 

EBP 

GTB 

AMC 

CLB 

CLC 

CLA 

AOC 

EXF 

DIU 

RTK 

RPT 

RFU 

LAI 

CAM 

cm 

WOC 

WOC 

PTU 

MCL 

BSO 

BSI 

TOF 

TES 

Command 

Extend bit pattern of A 

Convert A from Gray to Binary 

AND of M ItC 

Clear B 

Clear C 

Clear A 

AND-OR Combined 

Extract Field 

Disconnect Input Unit 

Read Typewriter Keyboard 

Read Paper Tape 

Read Fast Unit 

Load A from Input 

Compare A and M 

Clear Input Buffer 

Write Output Character 

Write Output Character 

Pulse Specified Unit 

Move Command Line 

Block Serial Output 

Block Serial Input 

Transfer on Overflow 

Transfer on External Signal 

289 
6.3 



290 
6.3 

Fig. 1. Complete Memory Line Module 
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Write Flip-Flop 

(Driving Side) 

Voltage Across 

Launching Coil 

Delay Line Output 

(Amplified from 2 mv 

to 6 v peak-to-peak) 

Schmitt Output 

Schmitt Output with 

superimposed digital patterns 

Time at 0.5 usee/div 

Time at 0.2 usee /div 

Fig. 3. Delay Line Waveforms 
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Fig. 4. PB250 Circuits 
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Fig. 5. PB250 Block Diagram 
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Fig. 6. PB2S0 Rack Mounted 
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Fig. 7. PB250 With Case Opened 



Fig. 8. PB2S0 With Case Pulled Out 
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THE INSTRUCTION UNIT OF THE STRETCH COMPUTER 

R. T. Blosk 
Product Development Laboratory, Data Systems Division 

International Business Machines Corporation 
Poughkeepsie, New York 

Introduction 

The Instruction Unit (I unit) was developed 
as the largest portion and the major control unit 
of the large-scale, high-performance Stretch 
computer. 1 This computer is the central pro­
cessing unit of the Stretch system2 contracted 
for development and delivery to the Atomic 
Energy Commission for their Scientific Labora­
tories in Los Alamos, New Mexico. 

The purpose of this paper is to describe the 
major functions. of the I-unit, give a general 
picture of the internal machine organization and 
the logical reasons behind it, and present several 
examples of how some of the performance goals 
were achieved. 

A diagram of the Stretch system appears in 
Figure 1. It consists primarily of the central 
computer, 6 blocks of 2-usec memories (each 
containing 16, 384 words of 72 bits}~ a basic I/O 
Exchange unit with its associated I/O units and 
adapters, and a high-speed Exchange (disk 
synchronizer) unit wi th its disk unit and adapter. 
The system is expandable up to a maximum of 
16 memory blocks, 32 basic I/O channels, and 
32 disk units. 

The computer is divided into five major 
elements: the memory bus control unit, the in­
struction unit, the lookahead unit, and the serial 
and parallel arithmetic units. These are shown 
in Figure 2. 

One of the principal factors in achieving the 
high performance in the computer is the ability 
of these separate logical areas within the com­
puter to operate independently and simultan­
eously. This means that while one of the arith­
metic units is busy executing an instruction, the 
lookahead unit can be "stacking" up the following 
instructions with their operands, and the I unit 
can be fetching and indexing more instructions 
preparatory. to loading them into lookahead. In 
many cases, the I unit can actually be executing 
an instruction wholly within the I unit, simultane­
ously with the execution of apreceding instruction 
in an arithmetic 'unit. In effect, the computer 
is a form of "pipe-line" which once filled is 
~apable of a very high output rate. Basically, 

the main job of the 1 unit is td keep this "pipe­
line" filled by maintaining the instruction fetch­
ing and preparation rate compatible with the 
operating rates of lookahead and the arithmetic 
units. 

A complete description of the specific 
functional responsibilities of the I unit will be 
given later. However, there were a number of 
more general requirements which significantly 
affected the entire design of the unit. The most 
important of these were: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

It had to handle a large diversified instruc­
tion set in a wide variety of word formats. 3 
(see Appendix Al. 

It had to prepare half-word instructions, 
full-word instructions, and full-word in­
structions across memory word boundaries. 

To achieve the desired performance, it had 
to process several instructions simultan­
eously. 

It had to be completely interruptable and 
. . 4 recoverable on every lnstruchon. 

It had to test for many exception conditions.! 
set corresponding indicators, and be capa­
ble of suppressing or terminating the asso­
ciated instruction if necessary. 

It had to differentiate between three types 
of memory -- external memory (EM}, index 
storage (XS}, or internal register (IR} -- on 
all fetches and stores (see Appendix B). 

It had to update the time clocks every milli­
second. 

It b,ad to be virtually instantaneously 
stoppable to provide meaningful automatic 
error scans. 

It had to be constructed with standard 
circuits, panels, and frames. 

It had to be a reliable and thoroughly 
checked unit. 



300 
6.4 

As a result of these requirements, plus 
the many assigned program functions, the in­
struction unit was designed and built to occupy 
five full double-gate standard frames and parts 
of three others, filling 46 standard panels, 
using approximately 1275 standard ... circuit 
double cards and 6385 standard-circuit single 
cards, and requiring about 53,680 transistors. 

Functions 

The instruction unit has as one of its two 
primary functions the fetching and preparation 
of every instruction executed by the computer. 
The fetching carries with it the responsibility 
for checking and possibly correcting the word 
after it is received from memory. Every word 
in external memory contains 64 data bits and 8 
error correction code (EGG) bits. These ECG 
bits permit single error detection and correc­
tion plus double error detection. The prepara­
tion of each instruction involves the indexing5 

of the instruction (if required), the partial de­
coding to determine instruction class and unit 
destination within the computer for execution, 
plus the actual operand fetch and loading of the 
instruction into lookahead. It also requires 
various tests of each instruction for indica tor 
setting and possible suppressing and/or in­
terrupting. Some indicators require that the 
instruction not be executed {suppres sed}, while 
others permit full or partial execution with the 
option of causing an automatic interrupt at the 
·completion of the instruction. The actual point 
of execution and interrupt test is not until some 
time after processing by the I unit. In order to 
know the memory location of every instruction 
as it is tested for an interrupt, the I unit loads 
the advanced instruction counter (IC) value 
into lookahead with each instruction. If an 
interrupt is detected later, the program can 
store the IC value of the instruction following 
the one being interrupted. This enables the 
interrupt sub-routine to know where to return 
to the main program after the interrupt. 

Two type s of indexing can be spe cified -­
normal and progressive. The normal mode 
modifies the operand address by the value of 
the index word with the resultant effective 
address replacing the original operand address, 
In progressive indexing, the result of the alge­
braic addition of the operand address and index 
value replaces the index value, and the orig­
inal index value replaces the operand address 
as the effe ctive addres s. This mode can also 
specify a stepping of the count field and mayor 
may not call for an automa1ic refill if the count 
goes to zero. 

All instructions eventually are loaded into 
lookahead. There are four levels of storage 
in lookahead, and each contains an op-code 
field, an indicator field, an operand field, and 
an instruction counter field. Normally an in­
struction only requires one level of lookahead; 
however, some require more. An example is 
a variable field length instruction in which one 
level is used entirely for operation definition, 
such as variable field length, byte size, and 
offset. A second and possible third level is 
then required fo1' the operands. 

All instructions to be executed by the 
floating point (FP) unit, the variable field 
length (VFL) unit, and the Exchange units are 
loaded into lookahead to await operand return 
and subsequent execution. As the instruction 
is loaded, the operand ~s fetched to the look­
ahead (LA) operand field, any indicators set by 
the instruction so far are transferred to the LA 
indicator field, and the IC value for the next 
ins truction is set into the IC field. 

If an instruction is of the index arithmetic 
type which is executed wi thin the I unit, look­
ahead is loaded at the completion of the execu­
tion. In this case, the lookahead operand field 
contains the old contents of the index word 
that was modified. The indicator and IG field 
are set normally. This provides a means of 
recovering the index words which are modi­
fied out of sequence should an interrupt occur 
on a previous instruction. 

The second primary function of the I unit 
is the actual execution of a large number of 
instructions in the Stretch instruction set. In­
dex arithmetic instructions form the largest 
class in this set and they include direct, 
immediate, and indirect forms of addressing. 
The direct address refers to a location in 
memory for the operand, whereas the 
immediate address is the actual operand. 
There are several special instructions which 
act upon the index registers. Load Value 
Effective is a load type of instruction using 
indirect addressing, where the contents of the 
location in memory specified by the address 
may refer to another memory location. Load 
Value with Sum provides a means of multiple 
indexing by utilizing a form of geometric 
addressing where each bit of the address refers 
to a separate index register. Rename pro­
vides a method of "naming" index registers by 
putting in one index register the location in 
memory from which the contents of another 
index register came and to which it can be 
returned. 



The Branch instructions comprise another 
class which the Iunit is responsible for execut­
ing. They include all unconditional and condi­
tional branches. The conditions may depend 
upon: any of the indicators, any bit in memory, 
and any index count field. In addition, each in­
struction has a number of modifier bits which 
specify whether the branch should occur on a 
zero or one condition, whether the bit should 
be left alone, inverted, set to zero, or set to 
one, and in the case of index count branching 
whether the value field should be modified by 
0, +1, +1/2, or -1. The index and indicator 
branch instructions are half-word in length 
and the branch on bit is a full word. The 
half-word instructions may have a half-word 
prefix specifying a store instruction counter 
operation if the branch is successful. This 
forms a full-word instruction. The store in­
struction counter half-word instruction never 
occurs alone. 

If an indicator branch is conditional upon 
an index indicator, the I unit determines the 
status and completely exe cutes the instruc­
tion. If the condition depends upon some other 
indicator, then the I unit completes the in­
struction, assuming the branch to be un-

successful. It loads the necessary operation 
code, indicator location, and recovery infor­
ma tion (branch addre s s) into lookahead to 
cause a test of the indicator later, after all 
previous instructions in LA have been com­
pletely executed. If at this time the branch is 
found to be successful, then a branch recovery 
operation is initiated and lookahead returns the 
branch address and all old index words to the 
I unit .. This recovery is similar to an in­
terrupt recovery. 

Word transmission instructions form 
another class which the I unit must execute. 
These include two basic types. One is the 
Transmit, which transfers data from one 
location in memory to another. The other 
type is Swap, which causes an interchange of 
data between two locations in memory. These 
instructions also contain a modifier bit which 
specifies whether the word count is contained 
in the instruction (immediate) or in an index 
word (direct). Another modifier specifies 
whether the addresses are stepped forward or 
backward. 

The remaining instructions executed by 
the I unit include a general Refill and a Refill 
on co unt zero which provides the ability of 
refilling any word in memory. Execute and 
Execute Indirect are two instructions which 
provide the ability to execute "subject" in-
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structions at direct or indirect locations in 
memory. The Store Zero instruction forces 
zeros into any memory location. A complete 
list of I-unit instructions appears in Appendix 
C. 

Another function directly involving the 
I unit is the automatic interrupt operation. 
At the completion of every instruction execu­
tion, a test must be made on the indicators to 
d~termine if an interrupt is required or not. 
If not, normal program operation is continued. 
If an interrupt is called for, recovery opera­
tions are initiated in lookahead and the I unit 

An interrupt is signaled whenever the interrupt 
system is enabled (by the program), and an 
indicator in the register and its corresponding 
bit in the mask register are one IS. The I unit 
must determine the indicator causing the in­
terrupt, -reset the indicator, and locate the 
"free instruction" associated with that par­
ticular indicator. It then fetches the in­
struction, prepares it, and either executes it 
or loads it into lookahead. If it is not a 
successful branch instruction, the I unit re­
turns to the original program and continues 
normal operation; hence the term "free in­
struction". However, if it is a successful 
branch, the I unit branches to the new pro­
gram routine and proceeds normally until a 
new branch instruction returns it to the 
original program. The interrupt mechanism 
is automatically disabled during the fetching 
and execution of the "free instruction". 

Time clock operation is another function 
as signed to the I unit. The computer contains 
two time clock values; an interval timer of 19 
bits {8-1/2 minutes} and a real time clock of 
36 bits {777 days}. These two quantities are 
contained in one word located in the small, 
fast-access, index core storage. Approxi­
mately every millisecond (1024 cps), while tl.le 
computer is under program control, the I unit 
must stop its normal operation, fetch this word, 
and step the two clock values through the index 
adder. The interval timer is stepped -1 and 
the real time clock is stepped + 1. When the 
interval timer goes to zero, a cbrresponding 
indicator is set. The interval timer may be 
set by the program but the real time clock may 
not. 

The I unit also has the responsibility for 
monitoring all memory addresses for out-of­
bounds conditions. All external memory 
fetches for the computer are initiated by the 
I unit, and each addres s is compared against 
an upper and a lower boundary register. De­
pending upon the state of an outside-inside 
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control trigger, appropriate indicators are 
~et according to the type of fetch {instruction 
or datal. All stores are performed by the 
lQokahead. However, before loading looka­
head with a store operation, the 1 unit tests the 
store address and sets a store indicator in 
lookaheadl if out of bounds. These indicators 
may cause suppression of the instruction and/ 
or an interrupt and automatic branch to a 
corrective routine. 

The last important function of the I unit 
is providing manual controls for direct inter­
vention by the operator console and customer 
engineering maintenance console. Since the 
I unit has complete control over all opera­
tions- to be performed by the computer, it was 
found to be the logical place for the rm.jority 
of the manual controls. These controls pro­
vide the ability to: 

1. Start or halt the machine. 
2. Load new programs. 
3. Display or store memory. 
4. Single-step the program an operation 

or a cycle at a time. 
S. Enter a particular instruction into 

the machine. 
6. Put the machine in a repeat instruc­

tion mode. 
7. Continuously test index storage. 

Repeat instruction mode causes the 
machine to continuatly repeat the fetching, 
preparation, and execution of one particular 
instruction word. 

In addition to these specific functions, 
several problems arose which required special 
handling. One of these was created by pre­
accessing instructions before completing the 
execution of previous instructions. In the case 
of store-to-memory types of instructions, it 
was possible that an instruction might be 
storing into the immediate program area and 
particularly into an instruction that had al­
ready been fetched by the I unit. To guard 
against this, a program store compare cir ... 
cuit was designed which compared all in ... 
struction fetch addresses against the store 
address register in lookahead. 1£ the in­
struction fetch has not been made yet and it 
compares equal, the I unit waits until the 
store is complete before resuming. If the 
instruction fetch has already been made, an 
I-unit recovery must be made and the in­
structions refetched after the store is com­
pleted. 

There are three different types of 
'addressable memory in the system: internal 

transistor registers, index,core storage 
registers, and the main external memories. 
This presents a problem in the I unit. When 
indexing instructions and fetching operands 
rapidly, the I unit loads lookahead and fetches 
an operand on the cycle following the index 
modification cycle. This leaves no time to 
decode which type of memory is involved and 
to select the correct control sequence. It is 
presumed that the address refers to external 
memory, and an external fetch is begun. The 
decoding is complete before the midpoint of 
the fetch cycle. If the presumption proves to 
be wrong, the actual fetch can be blocked 
and the correct fetch control can be selected 
for the next cycle. If the presumption is 
correct, the original fetch is completed and 
a decode cycle has been saved. 

These are just a couple of examples of 
the many complexities which faced the design 
group in designing the I unit to meet all the 
functional, performance, and reliability re­
quirements of Stretch and at the same time 
keep the cost to a minimum. 

Data Path Organization 

The first step in the design of the unit' was 
to design a data path system, with a minimum of 
hardware, that accomplished all the functions 
assigned to it. The next step was to determine 
the amount of time-sharing that was possible, 
and the amount of concurrency necessary to 
achieve the high performance goals desired, 
still at minimu~ cost~ Finally, after arriving 
at a satisfactory compromise of the first two 
points, the system was studied carefully and 
checking / correcting circuitry added to obtain 
the high degree of reliability desired. 

The result was a machine organization as 
shown in Figures 3 and 4. Figure 3 is a diagram 
of the data paths for the principal part of the 1 
unit, and Figure 4 is a diagram of the interrupt 
mechanism. The basic I-unit organization con­
sists of six transistor registers, two adder units 
with checking, six data paths, two address 
busses, and one checker/corrector unit. In 
addition, there are indicator and tag storage 
positions, a boundary compare unit, a program 
store compare unit, lookahead load data transfer 
busses, and a leftmost one detector-encoder for 
the multiple indexing Load Value with Sum in­
struction. The interrupt mechanism consists of 
two transistor data registers, one unit address 
register, and a leftmost one detector-encoder. 
These data paths account for approximately 40 
per cent of the hardware. The remaining 60 



per cent is taken up by extensive control logic, 
with its associated timing, and decoder circuitry. 

The six main registers in the I unit are the 
instruction counter register (lCR), the instruc­
tion-data word buffer registers (1 Y and 2Y), the 
index register (XR), the preparation and execu­
tion register (ZR), and the multi-purpose work­
ing register (WR). 

Instruction Counter (IC) 

The IC system was designed to provide the 
actual memory address of the instruction cur­
rently being executed or prepared for looka­
head -in the Z register, and at the same time 
fetch succeeding instructions into the Y regis­
ters. Since a number (6) of instructions may 
be located in the Y and Z registers simultane­
ously, some means had to be developed to keep 
track of the instruction addresses as the in­
structions proceed througli the I unit. It was 
found that we could eliminate the necessity of 
multiple IC registers by using the one ICR to 
keep track of the instruction being operated on 
in the ZR, and using outputs of the ICR or the 
IC adder to fetch following instructions. 

The ICR contains 21 bit positions, two of 
which are parity bits. The two low-order bits 
are separated from the seventeen high-order 
bits and haV"e their own individual advancing 
mechanism to provide the flexibility needed for 
advancing by half and full words. The high­
order seventeen (0-16) bits feed a plus one, a 
parallel, carry propagate adder, which actual­
ly provides the (ICR quantity +2> address. By 
selecting combinations of ICR and adder out­
puts, we can obtain four full word addresses: 
n, n+ I, n+2, andn+3, wherenis theICR 
address. This provides all the lookahead 
addresses needed for pre-accessing instruc­
tions into the Y-register instruction buffers. 

The ICR has a set of in-gates (21) from 
the lookahead IC buffer for use in recovery 
operations. It also has a set of in-gates frorp. 
the index adder out bus for branch operations. 
The final set of in-gates is for setting the IC 
adder output into the register for a full advance 
of the IC system. 

Both ICR and the IC adder output can be 
gated out to the memory address bus for instruc­
tion fetching. The ICR also can be gated to the 
index adder in bus A (ABA) for store instruction 
counter and branch relative operations. The 
ICR has a complete set of ungated output lines 
to the lookahead IC input gates for loading the 
associated IC address into lookahead along with 
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the instructions, and for program store testing. 
It has a set of ungated output lines to the IC ad­
der, and several special lines to the control 
area. Another full set of these lines go to the 
maintenance console for indicating the contents 
of the IeR and the IC adde r output. 

Instruction and Data Buffer Registers (1 Y and 2Y) 

To achieve high-speed instruction prepara­
tion, particularly floating point instructions, it 
was necessary to provide two instruction .buffer 
registers. These two registers are identical 
and are used alternately for receiving instruc­
tion words fetched from memory by the IC. They 
are also used for data operands required for the 
execution of instructions performed in the I unit. 
They each contain 73 positions; 64 data bits, 8 
check bits, and 1 memory check bit. The 8 
check bit positions may contain error correcting 
code (ECC) bits or parity bits. All words in 
memory contain error correcting code bits, but 
during the checking/correcting operation in the 
I unit, the ECC bits in the Y register are re­
placed with parity bits for checking internal op­
erations. The memory check bit indicates whe­
ther or not an error occurred during the memory 
access, and, therefore, indicates whether the 
word received is valid or not. 

The Y registers have two complete sets of 
input gates; one from the memory out bus 
(IMOB) for memory fetch returns, and one from 
the checker out bus (ICOB) for check/ correct 
operations and internal word transfers~ 

Each Y register has a full set of out-gates 
to the checker in bus (ICIB), again for checking/ 
correcting or internal word transferring. Each 
also has two sets of half-word (36 bit) gates to 
the adder in bus B (ABB) for direct transfer or 
arithmetic operation through the index adder. 
Four sets of out-gates from the two I fields of 
each register permit addressing index storage 
via the index address bus (XAB). 

Both registers have 73 lines to the mainte­
nance console for indication, plus a number of 
ungated lines to the control areas for instruction 
predecoding and special memory addresses. 

The parity fields are split up across the Y 
registers in the following manner: 

Po (0 - 17) 

PI (18 - 23) 

P
2 

(24 - 27) 

P 3 (28 - 31) 

P 4 (32 - 49) 

P 5 (50 - 55) 

P 6 (56 - 59) 

P 7 (60 - 63) 
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These fields were found to be the best com­
bination for effectively handling all the different 
word formats encountered in the system. 

Index Storage (XS) and Index Register (XR) 

The specifications for the Stretch Computer 
called for 16 index words located in high-speed 
storage. The first approach was to use 16 tran­
sistor registers, but this was soon found to be 
undesirable for several reasons. One was that 
it was extremely expensive, particularly if each 
register was to be capable of directly operating 
with the index adder to perform all instruction 
indexing functions and the execution of all index 
arithmetic operations. Another reason was that 
the large amount of hardware involved presented 
a packaging problem and detracted from the an­
ticipated high performance. It was apparent that 
a buffer register would be required, which alone 
would have all the required logical capabilities 
and would allow each of the 16 index registers to 
be transferred into it prior to execution. This 
still presented a large and expensive piece of 
hardware. The ideal solution was found by pro­
viding a compact, high-speed, 16-word, non­
destructive-read, core memory for the index 
words, with one data register (XR) to read into, 
store out of, and perform all the logical operations 
required. 

The index storage (XS) was 'ac:tually designed 
with 17 words of 73 bits each. The seventeenth 
word contains the interval timer and the elapsed 
time clock for rapid access and advancing of 
these values. It is a two-dimensional array 
(17 x 73) and has a read-out time of approximately 
200 nanoseconds. Total access time including 
address gating, transmission, and decoding re­
quires one machine cycle. To store the contents 
of the XR into XS requires two cycles. The first 
one destructively reads the selected word, there­
by resetting it to zeros, and the second cycle 
writes the XR contents into the selected row of 
cores. The index address is checked during the 
decoding. The XR is checked during the following 
logical operation for which the index word was 
fetched. 

The index register was designed with two 
principal objectives in mind. One was to provide 
the function of a data register for fetching and 
storing to/from index storage. The other was to 
provide the ability of executing all the full word, 
half word, field transfer, and logical operations 
required to execute all the I-unit instructions. 
The result is that the XR has five sets of in­
gates and out-gates with many separately con­
trollable fields. 

This register contains 73 bit positions in­
cluding 64 data and 9 parity check bits. Eight of 
the check bits correspond to the eight in the Y 
registers, and the ninth is the parity on bits 46 -
49 to provide means of obtaining a parity check 
on the index count and refill fields. 

The primary input to the XR is directly from 
the sense amplifiers of the index storage during 
an index fetch operation. A full set of gates (73) 
allow gating from the I-checker out bus straight 
into XR for checking and full word transfer op­
erations. Four sets of gates allow gating from 
the adder out bus into four different fields of the 
XR. These fields are: the 25 bits of XR beginning 
at position 0, the 25 bits of XR beginning at posi­
tion 32, the 18-bit count field beginning at position 
28, and the l8-bit refill field beginning at position 
46. These gates are all: used in the execution of 
various types of index arithmetic instructions. 
In addition to these inputs there is a direct reset 
of all 73 positions for setting the XR to zero prior 
to a read-out of index storage. 

The XR has a full set of out-gates (73) to 
the checker in bus for checking and full word 
transfer operations. It has three sets of par­
tial gates to the adder in bus "A". These pro­
vide the ability of gating the value field, the 
count field, and the refill field to the adder for 
arithmetic ope ration or transfers through the 
adder. One set of gates (24-27) to the adder 
in bus B provides the ability to check the sign 
of the value field during value field operations 
in the adde r. 

There are three detector circuits connect­
ed directly to the XR. These circuits provide 
the following indications: 

X value less than 0 X count equal to 

X value equal to 0 X count equal to 0 

X value greater than 0 X refill equal to all l's 

These are used to set indicators or modify 
execution controls for various operations. In 
addition, there are a number of special ungated 
outputs of the XR which feed adder true/ com­
plement controls, execution controls, and parity 
adjust logic in the parity checker/generators. 
A full set of ungated outputs go to the mainte­
nance console for indicator purposes. 

Preparation - Execution Register (ZR) 

This register is the basic operating register 
of the I unit. Every instruction is placed in 



this register from the Y registers for indexing. 
decoding. execution. and lookahead loading. 
It is full word in width to accommodate full word 
instructions and to speed up floating point half­
word instructions. All full-word instructions 
appear straight. left to right in the register. 
regardless of how they were received from 
me,mory and placed in the Y registers. There 
are a large number of output gates on the re­
gister because of the many special functions 
performed in the register in indexing (normal 
and progressive). executing I-unit instructions. 
fetching operands. and loading the instructions 
into lookahead. 

The ZR contains 74 bit positions. including 
64 data and ten parity bits. Eight of the ten 
parity bits correspond to the standard eight in 
the Y and X registers. The other two are for 
parity on the channel address field (12 - 18) for 
I/O instructions, and the length field (35 - 40) 
of VFL instructions. Associated with the ZR 
is a small three-bit P register which is used 
solely for retaining the progressive indexing 
code (bits 32 - 34) during any index modification 
of the right half of a VFL instruction. 

The only in-gates provided on the ZR are 
for gating the adder out bus into various posi­
tions of the ZR. There are two sets of these 
gates. one for the left half of Z and the other 
for the right half. These gates have split con­
trol to provide for partial gating. This takes 
care of all the in-gating required by instruction 
transfers from Y to Z, plus all arithmetic re­
sult gating into Z. 

The out-gating of the ZR is more extensive 
and complicated. There are two sets of out­
gates for gating the left half or the right half of 
Z to the adder in bus B for arithmetic operations 
on the left or right operand addresses. There 
is a separate gate for gating the length field 
(35 - 40) to the adder in bus A for word bound­
ary cross-over test. and a separate gate for 
sending the immediate count (50 - 55) in trans­
mit instructions to the W register for counting 
purposes. There are two sets of out-gates pro­
vided for gating the left (0-17) or right (32 -49) 
operand address to the memory address bus for 
operand fetches. There are five sets of gates 
for gating the left or right operand address. the 
left or right J field (index operand in index in­
structions). and the left I field (index address 
for index modification) to the index address bus. 
These permit fetching of index word operands 
and the index fetch for the delayed modification 
of the left half of Z. 

There also is a set of ten out-gates to the 
checker in bus for rearrangement of fields for 

305 
6.4 

loading instructions into 100kahead. These also 
have split control for selecting the width of the 
fields. 

In addition to the in and out-gates. the ZR 
has 41 positions line driven to the control area 
for operation and memory area decoding. As in 
the case of all the registers. all positions of the 
ZR have an ungated line to the maintenance con­
sole for indicator purposes. 

Working Register (WR) 

This register is only 19 positions long (in­
cluding one parity). It is used primarily for 
operand address storage. and secondarily as the 
counting register for transmission type instruc­
tions which cross memory word boundaries. for 
multiple indexing address decoding. and for auto­
matic refill and interrupt address operations. 
In transmIt operations the direct or immediate 
count field is placed in the W register for count­
ing purposes. while the from and to operand ad­
dresses remain in Z for the fetching. storing, 
and stepping operations. 

The WR has three in-gates: one from the 
adder out bus for transfer and arithmetic opera­
tions. one from the maintenance console keys 
for manual insertion of an address. and one from 
the interrupt bit address encoder for automatic 
interrupt operations. 

The WR has three out-gates: one to the ad­
der in bus A for arithmetic operations such as 
counting. one to the memory address bus for 
word boundary crossover and refill fetches. and 
one to the index address bus for index fetches. 

Ungated outputs of the WR feed a leftmost 
one detect logical unit for multiple indexing ad­
dress decoding. The output of the detect circuit 
feeds an address encoder. the output of which 
is set into a five-bit register called the geometric 
load address register (GLAR). The detect and 
encoder logic is checked. 

Ungated outputs of the WR also feed various 
decoder circuits for determining special address 
and contents equal to one conditions. The output 
of the leftmost one detector (LMOD) feeds the 
adder in bus B for resetting the current multiple 
indexing address bit in WR by a subtract opera­
tion through the index adde r . The output of the 
GLAR feeds the index address bus for index 
fetching during the Load Value with Sum execution. 

All 19 positions of the WR and five positions of 
the GLAR go to the maintenance console for in­
dicator purposes. 
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Index Adder Unit (IAU) 

The specifications for the I unit called for 
arithmetic operations on fields up to 24· posi­
tions wide. High performance required a par­
allel adder of advanced design with a minimum 
of logical levels. In order to guarantee com­
plete reliability, it had to be thoroughly check­
ed. Since the many operations of the I unit re­
quired all the registers to be capable of feeding 
the adder, it was found that the transfer and 
adder paths could be combined and time-shared 
to provide the most economical and yet com­
pletely checked system. This was accomplished 
by providing an eight-bit bypass path around 
the 24-bit adder to permit half-word {32-bit} 
transfers. A further study indicated that the 
best performance could be gained by providing 
a controlled complementer on one input, with 
automatic re -complementing ability on the out­
put. The basic 24-bit parallel adder was bro­
ken up into six four-bit blocks with parallel 
carry lookahead and carry propagate detect 
logic for each. Garries from block to block 
and end-around carries are detected early and 
propagated through. The 24-bit add or sub­
tract is accomplished in five logical levels. 
Input checking is accomplished by comparing 
input parities with the half sum parity. and the 
rest of the adder is checked by a. carry predic­
tion checking method. 

Standard I-unit parity is generated on the 
output in parallel with special memory address 
decoding. The bypass eight positions are parity 
checked and passed through to the output bus. 
The output is completely latched at sample 
time to prevent race conditions through 'the un­
gated paths when gating the result back into one 
of the input registers. 

The adder in bus A (ABA) has a complemen­
ter on the input and is accomplished in the same 
logical level that does the ~Ringo The inputs to 
ABA are the IG, WR, XR, and ZR. Th,e ABB 
is not complemented and the inputs come fro'm 
the YR's, the LMOD, and the ZR. In-addition, 
there are numerous lines to control the com­
plementing, re-complementing, and pa·rity ad­
justments for various fields and operations. 
The adder out bus (IAOB) has 32 data bit posi­
tions plus 11 parity bit positions for selection, 
depending upon the fields involved. The IAOB 
feeds the left and right halves of the ZR, the 
left and right halves, count, and refill fields of 
the XR, the WR, and the IGR. 

The I Ghecke r 

One of the earliest requirements of the 
Stretch system was for automatic error correc-

tion of memory words. The method adopted 
was that of using the Hamming 6 error-correc­
ting code (EGG) which required eight EGG bits 
with a 64-bit data word. In the I unit it was 
necessary to be able to check and correct mem­
ory words (instruction and operands) and convert 
to the I-unit parity system. It was also necessary 
to provide a full word transfer bus for high-
speed transfer operations in executing many of 
the I-unit instructions. It was found that these 
two operations could share equipment by com­
bining the transfer bus with the full word EGG 
checking/ correcting and parity checking/ gen­
erating logic. It was also found that the EGG 
checking/ correcting operation on instructions 
could be overlapped with the initial pre -decoding 
required on the new instructions when they are 
received in the Y registers. 

Lookahead had a similar problem with EGC 
checking/ correcting and parity checking/ gen­
erating on operands fetched to lookahead by the 
I unit, and in storing result operands to memory. 
A study of the two units showed that one I 
checker unit could be time -shared between the 
I unit and lookahead, provided a fast priority 
system could be designed to guarantee little 
loss in performance. This was done and the re­
sult is a single I checker with separate I checker 
in busses from the I unit and lookahead OR'd at 
the input to the checker. The checker out bus 
(IGOB) is a 64-bit data bus plus 29 parity and 
EGG lines for selection by the controlling unit 
for the proper parity or EGG bits for the re­
ceiving register. This bus feeds the four looka­
head levels· first and then the XR and the 2Y re· 
gisters. The output of the checker is complete­
ly latched at sample tim~ to prevent race condi­
tions through the ungated paths while gating the 
result into the receiving register. 

Interrupt Mechanism 

Figure 2 shows a block diagram of the in­
terrupt mechanism. It consists of a 64-position 
indicator register (IR). a 28-position ma.sk re­
gister, and a leftmost one detect and encoder 
circuit. 

The indicator register has two inputs; one 
from '.:he arithmetic checker out bus (AGOB), 
and the other, the individual turn-on line from 
each indicator's particular logical area. These 
logical areas include the I unit, the VFL and FP 
execution units, lookahead, exchange, and 
memory. There is no parity on the contents of 
this register because it is continually changing, 
due to the many asynchronous inputs. The only 
out-gate on the IR is to the arithmetic checker 
in bus (AGIB) and is used for transferring the 
contents of the register to another location. 



Similarly, the input gate from AGOB is for 
bringing in a new word to the IR. Ungated out­
puts from a portion of the register feed the up­
dated indicator register in the I unit for recov­
ery purposes. A full set of ungated outputs feed 
the leftmost one detector and the maintenance 
console. 

The mask register has an input only from 
the ACOB for bringing in a new mask word. It 
also can be gated to the AGIB for storing pur­
poses, and has ungated outputs to the leftmost 
one detector and maintenance console. Logical­
ly, the first 20 positions (0 - 19) of the mask 
register are always one, and the last 16 posi­
tions (48 - 63) are always zero. They are 
fixed and are not programmable. There are 
four parity bits associated with the mask re­
gister positions 21 - 47, and they conform to 
the parity flelds of the arithmetic bus and 
checker. 

The leftmost one detect circuit has two 
functions; one to test rapidly for any match 
between an indicator position and its asso­
ciated mask bit, the other to determine, in the 
case of multiple matches, which one has higher 
priority. Priority is established from left to 
right (0 - 63), and the match with highest 
priority blocks the remaining ones f:tom being 
effective. The test for any match is done in 
only a few levels by ORing all the compare 
And circuits, and signalling an interrupt if the 
mechanism is enabled. The enabling/disabling 
is controlled by a single trigger which is set 
on/ off by programming. Once an interrupt is 
signalled, the leftmost one detect logic is 
allowed time to establish priority, to encode 
the matching pair of indicator and mask bits 
into the register bit address of the particular 
indicator, and set it into the' WR. The bit 
address is a six-bit address plus one parity 
bit. 

Included in this logical area is a seven-bit 
channel address register which is used to hold 
the address of the I/O unit which sets I/O status 
bits into the indicator register. This register 
may be set by either the basic or high-speed 
exchanges and includes two parity bits.- It can 
be gated to the AGIB (positions 12-18) for trans­
fer purposes. 

Also designed for this area but not packaged 
was the other GPU e1."egister. This register of 
19 positions is used for systems involving more 
than one computer. It can be gated out to the 
ACIB and gated in from IGOB for transfer pur­
poses. There are four parity bits associated 

307 
6.4 

with the 19-bit field to conform with the arith­
metic bus and checker requirements. 

Updated Index Indicator Register (UXIR) 

There are eight triggers in the I unit which 
contain the status of the index register involved 
in the most recent index arithmetic instruction 
executed by the I unit. These indicators differ 
from the status of the corresponding main indi­
cator register triggers by the effect of the in­
dex arithmetic instructions which have been 
executed by the I unit but whose result indica­
tors are still in lookahead awaiting transfer to 
the indicator register in proper instruction 
sequence-hence, the term'updated indicators". 
This UXIR is used to test for conditional 
branches on these indicators. 

A listing of the indicators contained in the 
updated indicator register is as follows: 

1. Index low - XL 
2. Index equal - XE 
3. Index high - XH 
4. Index count zero - XGZ 
5. Index value less than zero - XVLZ 
6. Index value zero - XVZ 
7. Index value greater than zero - XVGZ 
8. Index flag - XF 

Indicator and Address Tag Triggers 

Due to the multiplicity of instructions that 
are contained in and being operated on simul­
taneously in the I unit, it is necessary to tag 
(store with the particular instruction) each in­
struction with identifying informati.on regarding 
certain conditions which may arise during its 
processing. Examples of these conditions are 
memory and ECG checks on new instructions, 
parity checks on instruction transfers from Y 
to Z, and type of memory address decoded 
during ,the transfer through the index adder. 
These triggers are located for the most part in 
the control area, so that they can immediately 
condition the control trigger outputs of the 
following cycle. There are some 26 triggers 
of this nature in the control area of the I unit. 
These include the following: 

A. Y Register Tags 

1. 1 Y instruction fetch indicator 
2. 2Y instruction fetch indicator 
3. I Y operand address invalid 
4. 2Y operand address invalid 
5. 1 Y identifiable check 
6. 2Y identifiable check 

lYlF 
2YIF 
lYAD 
2YAD 
lYIDG 
2YIDG 
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7. 1 Y memory check 1YMC 
2Y1v.tC 8. 2Y memory check 

B. Z Register Tags 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
ll. 
12. 
13. 
14. 

C. 

1. 
2. 
3. 

Z left operand address -special (0':'15) ZLSA 
Z left operand address -index (16-31) ZLXA 
Z left operand address-nonexistent ZLNA 
Z right ope rand addre s s - s pe cia1 (0 -15) ZRSA 
Z right operand address-inde~ (16-31) ZRXA 
Z right operand address -nonexistent ZRNA 
Z left instruction fetch indicator ZLIF 
Z right instruction fetch indicator 
Z left operand address invalid 
Z right operand address invalid 
Z left contains identifiable check 
Z right contains identifiable check 
Z contains data store condition 
Z contains data fetch condition 

W Register Tags 

W operand address-special (0-15) 
W operand address-index (16-31) 
W operand address nonexistent 

ZRIF 
ZLAD 
ZRAD 
ZLIDC 
ZRIDC 
ZDS 
ZDF 

WSA 
WXA 
WNA 

D. General 

1. I unit contains non-identifiable check NIDC 

Control Orsanization 

The remaining hardware in the I unit is 
taken up by an extensive and complex system 
which controls the flow of instructions and oper­
ands in the data paths previously described, in 
many different combinations of simultaneous and 
asychronous operations. The system consists 
primarily of many control triggers, commonly 
referred to as control stages or sequencers, 
plus their input and output switching logic and 
ORing of control lines to the data paths. Also 
adding to the hardware is the extensive decoder 
logic required to determine which operation and 
variation is called for in instruction preparation 
and execution. Associated with the control is a 
considerable amount of powering circuitry for the 
distribution of the clock pulses in each control 
area. These clock pulses originate at the com­
puter master clock and are distributed to vari­
ous units using delay line techniques for skew 
minimization. The data paths and control were 
designed to operate with a 4 megacycle clock and 
at present are operating at a 3.3 megacycle rate. 
The I-unit controls operate at half the master 
clock frequency. 

The controls are divided logically into the 
following categories: 

1. Instruction cou.nter 
2. Instruction preparation 
3. Lookahead loading 
4. Instruction execution 
5. Miscellaneous 

IC Controls 

The instruction counter controls consist of 
eight control stages for sequencing the opera­
tion of fetching instructions to the Y registers, 
checking I correcting them through the I checke:r, 
and advancing the IC :register. There are thir­
teen supervisory control storage triggers to con­
dition the control stages as to whether a fetch is 
in progress (outstanding), lY or 2Y is empty, ZL 
or ZR is empty, a branch to lY of 2Y is required, 
or a recovery is required. Six tag triggers indi­
cate whether there are any checks, instruction 
fetch alarms, or invalid addresses assoclated 
with the instructions in the Y registers. There 
are eight block and suspend triggers for ins.tan­
eously interrupting the normal IC operation to 
allow the I-unit instruction execution controls the 
use of the Y registers. 

These controls essentially attempt to keep 
the Y registers filled with new and checked in­
structions. They signal the preparation controls 
whenever Y register data is ready for transfer 
to Z. In branch and recovery operations, the IC 
controls are designed for rapid resetting and re­
starting at the new address in order to minimize 
the time required to refill the Y regiSters. 

These controls time share the I checker and 
the memory address bus with other controls. 
They operate simultaneously with the prepara­
tion and lookahead load controls as long as no 
interlock occurs to indicate that no YR is empty, 
an I unit instruction requires execution, or an 
interrupt is required. 

Preparation Controls 

The preparation controls consist of eight 
control sequencers which control the prepara­
tion of all instructions for the computer. This 
preparation involves the transfer of instructions 
from the YR' s to the ZR. the index fetching and 
address modification if required, and the word 
boundary crossover test for VFL instructions. 
In addition to the sequencers, there are six 
supervisory type control triggers which condition 
the selection of the right or left half of the 
current YR and the corresponding half of the ZR. 
Instruction pre-decoding as to type of instruc­
tion and indexing requirements is stored in 
eleven supervisory control triggers. There are 
eight additional tag triggers associated with the 



two halves of the ZR to indicate the class of 
floating point instruction in Z, so that the look­
ahead load controls can rapidly take over and 
load lookahead without a delay for decoding 
purposes. 

These controls signal the IC controls when 
a YR is empty, and signal the lookahead load 
controls or I-unit execution controls when the ZR 
has a prepared instruction. These contro Is are 
a completely independent set of hardware and 
operate simultaneously with the IC and look­
ahead load controls. Their function is basically 
to empty the YR I S and prepare and fill the ZR as 
rapidly as possible. to insure a high rate of in­
struction flow through the computer. 

Lookahead Load Controls 

The lookahead load controls consist of four­
teen sequencers which control the loading into 
lookahead of all I/O, VFL, and FP instructions. 

Five of these deal solely with the loading of 
VFL instructions and are in the form of a five­
stage execution timer. Every VFL load begins 
with the first stage and may then step to anyone 
of the remaining four, so that every VFL in­
struction requires anywhere from two to five 
steps. Each sequencer loads a different look .. 
ahead level so that a VFL instruction may occupy 
two to five levels. 1£ an operand address refers 
to an index address, the basic sequence is broken 
out of in order to fetch the index word by means 
of a common index fetch sequencer, and then 
control is returned to the VFL load sequence"!",::. 

There are two complete sets of our FP load 
sequencers for each half of the ZR. This was 
necessary to guarantee the fast switching and 
loading from the two halves of Z required to 
achieve the high FP performance. Each set of 
four FP sequencers controls the loading of one­
level or two-level FP instructions, depending 
upon whether one or two operands are involved, 
and it controls the actual fetching of the oper­
ands from external memory, index storage, or 
internal registers. The majority of FP instruc­
tions require only one control step in which the 
operand is fetched from main memory at the same 
time that the FP instruction is loaded into the 
single lookahead level. 

While this loading is being executed, the IC 
and the preparation controls rna y be simultan­
eously operating to maintain the instruction rate. 
The lookahead load controls signal the prepara­
tion controls when an instruction is completely 
loaded and the instruction in the ZR can be re-
p laced with a new one. 

Instruction Execution Controls 
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To execute the large number of I-unit in­
structions in all their variations required the 
design of a large control system. The instruc­
tions were categorized by type and then divided 
into logical operations and analyzed for maxi­
mum sharing of common controls. Circuit 
limitations and packaging rules often prevented 
sharing as much as was desired. As the control 
logic grew, it became necessary to package it in 
two frames instead of one, which, in turn, 
created a communication problem in critically 
timed areas. In order to keep the number of 
logical levels to a minimum, it was necessary 
to design a large amount of parallel logic into 
and out of each control stage. 

The instruction set was divided into four 
categories: index arithmetic, branch. transmit. 
and miscellaneous operations. Each group was 
worked on separately. and the control sequences 
and logic required were designed. These con­
trols were then compared for similarities. 
and wherever possible. common control logic 
was combined. The result was that sixty-one 
control sequencers and nine supervisory 
triggers. plus an operation decoder. were re­
quired to execute the instructions in satisfactory 
performance times. These controls provide for 
fetching and checking operands from memory 
(main memory, index storage, or internal regis­
ters), index adder logical operations, partial and 
full word transfer, checking operations, and the 
loading of lookahead with a large variety of oper­
ation codes and indicators. Most of these 
operations have a large number of input and out­
put conditions whose combinations can cause each 
operation to be performed in a wide variety of 
ways. Other requirements of these controls were 
that they be able to stop immediately on errors, 
be recoverable in case of instruction suppressing 
and interrupt conditions, and be able to manually 
step a cycle at a time. Every control stage has 
a line to the maintenance conso Ie for indication. 

Miscellaneous Controls 

These controls are used primarily in the 
execution of the manual operations and the 
special recovery routines. They consist mostly 
of supervisory control triggers which initiate, 
condition, and terminat e control sequences 
which perform the desired functions. The actual 
operations within the sequences are controlled by 
sequencers in the instruction execution area, 
and are shared for this purpose. For this reason 
the execution operation decoder must be blocked 
so as not to affect the stepping of the sequences 
for these special operations. Some special con-



310 
6.4 

trol functions also taken care of in this area are: 
a store wait control when lookahead contains a 
store to XS, or the indicator or mask registers; 
time clock operation triggers; and I unit recovery 
because of program store test. Some of these 
special functions are very critically timed, since 
they must block normal operation immediately, 
or it will be too late and unrecoverable damage 
may be done. These controls are packaged in the 
IC control area so as to minimize the communi­
cation delay of the interlocks. 

Performance Characteristics 

Since the Stretch computer was originally 
contracted for by the Los Alamos Atomic Ene rgy 
Commission, certain of its performance goals 
were particularly important to the customer. Of 
primary importance was the complete floating 
point operation, including the instruction fetch­
ing, preparation, operand fetching, and actual 
execution. In the branch instruction, the Count 
and Branch instruction was to be used exten­
sively for controlling the many iterative program 
loops characteristic of scientific computing. The 
variable field length operation was desirable and 
attractive but its performance need not be, nor 
could it be economically, as high as FP. The 
index arithmetic instructions were all very im­
portant. 

The manner in which the Instruction unit 
achieves the desired performance goals in these 
areas wi 11 follow. These examples are chosen 
because of their special importance in scientific 
computing, and one should not infer that all the 
remaining operations were not important or not 
at a comparable performance level. The high 
overall performance goals of Stretch required 
that all the operations be executed in a much 
more powerful manner than any previous 
machine. 

Floating Point Instruction Preparation 

A timing diagram showing the preparation 
of continuous FP instructions is shown in Figure 
5. The preparation includes the fetching of in­
struction words from 2 usec memory, the ECC 
checking of the instruction, the Y to Z transfer 
and index fetch, the address modification, and 
finally the operand fetch and lookahead load. It 
can be seen how successive instruction fetches, 
preparations, and lookahead loads are over­
lapped to achieve a performance goal of one FP 
instruction every two cycles. Each instruction 
is assumed to require indexing. If this were not 
the case, then instantaneous rates would reach 
one FP instruction every cycle, but the average 
rate would still remain at one per two cycles. 

This is because the maximum rate of instruction 
fetches is balanced with the maximum indexing 
rate and lookahead rates. 

The diagram starts out by assuming a start­
up operation (either program start or recovery 
operation) where two rapid fetches are made by 
the IC to the Y registers. When the words are 
received from memory, they are immediately 
checked; if there are no errors, an extra 
correct cycle is not required. During 
the check cycle, the ECC is converted to 
parity and the preparation controls pre -decode 
the type of instruction. In this case each word 
contains two FP instructions. The next cycle 
is the transfer from the left half of I Y to the 
right half of Z. The criss-crossing of half­
word locations was adopted as the simplest 
way of handling the different combinations of 
full-word and half-word instructions that can 
occur. During this transfer, any addressed 
index word is fetched into the XR. Assum-
ing each instruction is to be indexed, the 
next cycle is the actual address modification, 
where the index value in X is added to the oper­
and address in ZR through the index adde'r and 
the result replaces the original operand address. 
These last two cycles tied up the lAU, so the 
next instruction in 1 YR waited. The first in­
struction is now ready for loading into looka­
head and fetching of the operand. With the lAU 
not busy, we can also transfer the next instruc­
tion to ZL and fetch its index word. The oper­
and fetch would be initiated were it not for the 
1 YR-ZL transfer emptying the 1 Y register. 
The Ie controls anticipate this and try to fetch' 
the next instruction word (IC + 3) into it. This 
conflicts with the operand fetch of the lookahead 
load cycle, but since -the IC controls have 
priority, the IC fetch is made simultaneously 
with the 1 YR transfer to Z and the index fetch. 
The lookahead load cycle is blocked during this 
cycle and completes the operand fetch and the 
load operation on the following cycle, over­
lapped with the modification of the second in­
struction. This early instruction fetch 
guarantees that the 1 Y register will be filled 
and checked by the time the 2Y register is 
emptied. In this manner the flow of instruc­
tions can be maintained. The degree of simul­
taneity in the I unit is best illustrated by the 
cycle with the single asterisk (*) which shows 
an instruction fetch to 2Y, a check cycle on 1 Y, 
a 2YR transfer to Z, an index fetch, and an 
attempted lookahead load, all occurring at the 
same time. 

The high degree of overlapped operation in 
the computer is best shown by the last cycle 
(**). In this cycle the following operations are 



occurring simultaneously: 

1. Instruction 1 is being executed and 
checked. 

2. Instruction 2 is being transferred from 
LA to the PAU. 

3. Three of the 4 LA levels are loaded 
with instructions 2, 3, and 4., 

4. Instruction 5 is ready to be loaded and 
its operand fetched. 

5. Instruction 6 is being transferred from 
lYR to ZL. 

6. The index word required by instruction 
6 is being fetched. 

7. Instructions 7 and 8 are being ECC 
checked in the I checker and being pre­
decoded. 

8. The IC is fetching the 5th instruction 
full word containing ins tructions 9 and 
10. 

This is but one variation of FP prepara­
tion. Other variations develop when the oper­
and address refers to index storage or an 
internal register, or where a second operand 
is implied, as in Multiply Cumulative and Load 
Cumulative Multiplicand, or when different 
types of instructions are intermingled with the 
FP ins tructions . 

The diagram not only indicates how one 
performance goal is achieved, but also indicates 
the large amount of control complexity required 
to efficiently interlock and execute this I-unit 
instruction preparation function. It further ill­
ustrates how complete overlap of instruction 
fetching, indexing, and lookahead loading is 
achieved. 

VFL Instruction Preparation 

The preparation of a variable field length 
instruction is shown in the timing diagram of 
Figure 6. Starting at the same point as Figure 
5, it shows the sequence when the second in­
struction is a full word VFL instruction located 
across memory word boundaries. In this case 
the left half of the first instruction word fetched 
is an FP instruction, and the right half is the 
left half of the VFL instruction. The left half 
of the second instruction word fetched contains 
the right half of the VFL instruction, while the 
right half of this word contains another FP in­
struction. 

The first instruction is processed exactly 
the same as in the previous example. Notice 
that this time when the right half of 1 Y is trans­
ferred to Z left, the eventual correct alignment 
of the full-word instruction in Z is provided for. 
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Again, any index word addressed by the half 
word in 1 YR is fetched into the XR. Before pro­
ceeding into the modification cycle, however, 
the type of indexing called for. normal or pro­
gressive, mus't be determined. This information 
is contained in the right half of the instruction, 
and is not available until the 2Y register has 
been filled, checked, and pre-decoded. In the 
example, this is completed by the end of the 
1 YR to ZL transfer, so no wait is required. 
Assuming normal indexing, the next cycle is 
the modification cycle for the left half. If pro­
gressive indexing (PX) had been specified, a 
much different sequence would have been re­
quired, and the operation would be done in two 
steps. The first one would replace the VFL 
operand address with the value field of the in­
dex word, and the instruction preparation would 
continue on and be loaded into lookahead. Fol­
lowing the lookahead loading, a control sequence 
would be entered where the increment, count, 
and refill operations on the index word, if 
called for, would be executed. The results of 
this operation would then be loaded into look­
ahead as the second of PX operations. 

After normal modification of the left of the 
VFL instruction, the right half is transferred 
from 2YL to ZR and its index fetch executed. 
The next cycle then modifie s the right haif of 
the instruction. The indexing and instruction 
operation codes are preserved during the modi­
fication. The next step is to determine whether 
one or two memory words are required to ob­
tain the operand field. The operand field can 
start at any bit position in a memory word and 
extend into the next memory word as long as 
the total field length is 64 bits or less. The 
word boundary crossover test (WBC) is done by 
adding, in the index adder, the length field to 
the full 24-bit operand address field. If a carry 
into position 17 of the operand address field 
occurs, then the instruction operand does, in 
fact, cross memory word boundaries. The high­
order 18 bits of the result are gated into the WR, 
and this is actually the operand address for the 
second memory word. 

This completes the preparation, and all 
that is left is to load the instruction into look­
ahead and fetch the operands. In this case 
three cycles are required. The first loads the 
instruction operation information into one 
lookahead level. Since the data field is used 
for part of the instruction information, no 
fetched operand can accompany this level. The 
next two cycles are for fetching the two operands 
of the instruction into two more levels of 
lookahead. The number of cycles required to 
load VFL type instructions varies from two to 
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five, depending on whether the instruction re­
quires one or two operands, whether it is a 
fetch or a store to memory type of instruction, 
and whether any special registers are implied 
in addition to the operand addres s. 

Having successfully loaded the instruction, 
the next half word FP instruction can be trans­
ferred from 2YR to ZL and the normal FP pre­
para tion continued. 

The dia.gram shows that the VFL instruc­
tion in this case took eight cycles as compared 
to two cycles for a normal FP. If the instruc­
tion had no indexing specified and only one 
operand memory word was required, the oper­
ation would have only taken five cycles. Again, 
there are many variations of these instructions, 
depending on the type of indexing required, 
whether the instruction arrives straight or 
across memory words, whether the operands 
are in XS, EM, or IR, and whether it is a store 
to memory operation or not. 

Count and Branch Execution 

The execution sequence for a Count and 
Branch (CB) instruction is shown in Figure 7. 
Assuming a continuation of the FP preparation 
of Figure 6, the fifth instruction is defined as 
a CB instruction. In the example, it is assumed 
that the instruction requires indexing, and there­
fore, it is possible to overlap the operation de­
coding with the modification cycle. Otherwise, 
it would have been necessary to take a separate 
decode cycle. Once decoded, the operation 
enters an execution sequence controlled by the 
decoder outputs and conditions arising out of 
the individual operations. The first cycle is a 
fetch of the index word, whose count field de­
termines whether the branch is successful or 
not. The next cycle, the fetch of the branch 
address instruction, is initiated, and at the same 
time the count field of the index word in the XR 
is decoded for a XC = I condition. If the condi­
tion for branching exists, the fetch is completed; 
if the condition does not exist, the fetch is 
blocked. This permits as rapid a fetch of the 
next instruction as possible, in order to begin 
filling up the Y registers with the new sequence 
of instructions. Overlapped with the instruc­
tion fetch is the loading into a lookahead level 
of the index word before modification. This is 
referred to as a psuedo-stol"e level, and is only 
used in recovery operations where the index 
registers have to restore to some previous 
level as a result of an interrupt or no-op condi­
tion. The next cycle is the actual counting down 
through the index adde r of the count field of the 
index word in the XR. After this is done, the 

value field can then be advanced or diminished 
'J:>yone or one-half, if called for by the instruc­
tion. This is also done through the index adder. 
At the same time, the advanced IC value (address 
of the instructions following the CB) is loaded 
into the same lookahead level as the psuedo­
store. This is done because the next cycle de­
stroys the IC contents by transferring into it 
the branch address from Z. If a no-op of this 
instruction is required, the I unit can continue 
straight on in the program. After the advance/ 
diminish cycle, the updated index word is re­
turned to XS. This is done by a clear cycle for 
resetting the word during the same cycle that 
transfers the branch address into the IC, and 
then following with a store cycle which sets the 
contents of the XR into the previously reset 
word in the array. To complete the operation, 
all indicators associated with this instruction 
and the new IC value are loaded into lookahead 
to be tested later in proper instruction sequence 

for an interrupt. If a condition occurs which 
will no-op the instruction, then the new IC field 
is not loaded, only the indicators and a no-op 
tag. This will cause any branching already done 
to be cancelled by a recovery operation later. 

Since the instruction branched to was 
fetched early in the operation, the new instruc­
tion word has arrived and has been checked by 
the time the CB instruction is completelyex­
ecuted. Immediately the normal instruction 
preparation is restarted, and in this case, the 
branched to FP instruction is loaded into look­
ahead four cycles later. 

The entire execution of the instruction 
took six cycles and was overlapped with the 
operand fetch, ECC check, and execution of 
instruction 1. In other words, it took ten 
cycles from the completion of one instruction 
in the program to branch to another program 
location and prepare and load the first new FP 
ins truction into lookahead. 

Variations of this instruction execution se­
quence occur with respect to the branch condi­
tion being 0 or not 0, the advance/diminish 
modifiers, and the setting of indicators that may 
cause a no-op or interrupt. In addition, there 
are other instructions in the same category 
which are more complicated and time-consum­
ing. These include the Store Instruction Count­
er if Count and Branch (SIC - CB), the Count, 
Branch, and Refill (CBR), and the SIC-CBR 
variations. 

Summary 

The instruction unit is a large com.plex, 
high-speed com.puter unit designed and built to 



provide the major functional ability and control 
for the Stretch Computer. A complete des­
cription of the major functional requirements is 
given along with some examples of the difficul­
ties encountered. The machine organization, 
including data paths and controls, is described, 
and many of the primary design considerations 
are discussed. The complexity and size of the 
unit are largely determined by the instruction 
buffering, fast access index registers, the ex­
tensive overlapping and simultarleity of opera­
tions, and the innumerable combinations and 
variations of instruction sequences that have to 
be controlled. "The control is achieved by a 
synchronous clock controlled network of vari­
able sequence execution control stages. The 
performance is shown for a few typical and 
particularly important operations. 

de sign of the data paths. 
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The overall engineering effort was under the 
supervision of Messrs. E. Bloch and R. E. 
Merwin. 
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APPENDIX A 

Instruction and Index Word Formats. 

VFL OA BA 110001 I I p I LENGTH I BS I OFFSET OP I 

0 1718 23 28 3132 35 40 44 50 60 63 

1/0 -I CHANNEL :ADR 1
1000 

I 
1: ADDRESS 

11 
OP I 

TRANSMIT FROM ADR 
1
1000 

1 I TO ADDRESS II J OP 'I 

SIC - BR SIC ADR 11000 I I BR ADR OP 

BR ON BIT OA BA 
1
1000 I I BR ADR OP III 

INDEX VALUE lsi COUNT REFILL 

0 23 28 4546 63 

FP OA OP I 1: I 
0 17 28 31 

32 49 60 63 

DIRECT INDEX OA I J OP I 

IMMED. INDEX DATA I J OP OP 

COUNT a BR BR ADR J OP III 

BR. IND. BR AOR IND OP III 

MISC. OA OP I 



APPENDIX B 
Memory Address Assignments 

Location Name Length Bit Address Type 

0 Zero 64 0-63 EM 
1 P, a Inte rval time r 19 o - 18 XS 
1 P, b Time clock 36 28 - 63 XS 
2P Interruption address 18 o - 17 EM 
3P Upper boundary 18 o - 17 IR 
3P Lower boundary 18 32 - 49 IR 
3P Boundary control bit 1 57 IR 
4 Maintenance bits 64 o - 63 EM/MC 
5b Channel addre s s 7 12 - 18 IR 
6 Other CPU 19 o - 18 IR 
7 Left Ze ros count 7 17 - 23 IR 
7 All ones count 7 44 - 50 IR 
8 Left half of accumulator 64 o - 63 IR 
9 Right half of accumulator 64 o - 63 IR 
10 Accumulator sign byte 8 0-7 IR 
11 c Indicators 64 o - 63 IR. 
12 d Mask 64 o - 63 IR. 
13 R.emainder 64 o - 63 EM 
14 Factor 64 o - 63 EM 
15 Transit 64 o - 63 EM 
16-31 Index registers XO - XIS 64 o - 63 XS 
32-k Normal external memory 64 o - 63 EM 

P Permanently protected area of memory. 

a R.ead-only except for STORE VALUE, STORE COUNT, STORE 
REFILL, and STORE ADDR.ESS. 

bRead-only. 

c Bit positions 0 - 19 are read-only. 

d Bit positions 0 - 19 are always ones, and bit positions 48 - 63 
are always zeros. 

k Last word address in a particular memory configuration. 

IR. Internal Register 

XS Index Storage 

EM External Memory 

MC Maintenance Console 
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APPENDIX C 

I Unit Instruction List 

A. Direct Index Arithmetic 

1. Load index. 
2. Load value. 
3. Load count. 
4. Load refill. 
5. Store index. 
6. Store value. 
7. Store count. 
8. Sto re refill. 
9. Add to value. 

10. Add to value and count. 
11. Compare value. 
12. Compare count. 
13. Rename. 
14. Load value effective. 
15. Store value in address. 

B. Immediate Index Arithmetic 

1. Load value immediate. 
2. Load count immediate. 
3. Load refill immediate. 
4. Load value negative immediate. 
5. Add immediate to value. 
6. Add immediate to value and count. 
7. Add immediate to value and count 

and refill. 
8. Subtract immediate from value. 
9. Subtract immediate from value and 

count. 
10. Subtract immediate from value and 

count and refill. 
11. Add immediate to count. 
12. Subtract immediate from count. 
13. Compare value immediate. 
14. Compare value negative immediate. 
15. Compare count immediate. 
16. Load value with sum. 

C. Unconditional Branching 

1. Branch. 
2. Branch relative. 
3. Branch enabled. 
4. Branch disabled. 
5. Branch enabled and wait. 
6. No operation. 

D. Indicator Branching 

Branch on Indicator 

Modifiers: 

a) Leave indicator. 
b) Set indicator to zero. 
c) Branch if off. 
d) Branch if on. 

E. Bit Branching 

B ranch on bit 

Modifiers: 

a) Leave bit. 
b) Invert bit. 
c) Set bit to zero. 
d) Branch if off. 
e) Branch if on. 

F. Index Branching 

1. Count and branch. 
2. Count, branch, and refill. 

Modifiers: 

a) Branch if count non-zero. 
b) Branch if count zero. 
c) Leave value is changed. 
d) Add half to value. 
e) Add one to value. 
f) Subtract one from value. 

G. Store Instruction Counter If 

H. Transmit Operations 

1. Transmit 
2. Swap. 

Modifiers: 

a) Forward 
b) Backward 
c) Direct count 
d) Immediate count 

J. Miscellaneous Operations 

1. Refill. 
2. Refill on count zero. 
3. Execute. 
4. Execute indirect and count. 
5. Store zero. 
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THE PRINTED MOTOR: A NEW APPROACH TO INTERMITTENT AND 
CONTINUOUS MOTION DEVICES IN DATA PROCESSING EQUIPMENT 

R. P. Burr 
Circuit Research Company 
33 Sea Cliff Avenue 
Glen Cove, New York 

Sunnnary 

The printed d-c motor is character­
ized by high pulse torque capability and 
freedom from cogging or preferred arma­
ture positions. These attributes lead to 
a variety of applications in data pro­
cessing equipment ranging from reel and 
capstan drives in magnetic and paper tape 
transports through detenting and position­
ing mechanisms. 

Analysis of the motor on a velocity 
basis yields a simple equivalent circuit 
which is a powerful tool for designing 
both the machine and its drive circuits 
into a specific requirement. Since there 
is no rotating iron in the structure and 
since the field is supplied by permanent 
magnets, the speed-torque curve of the 
motor is a straight line whose slope de­
fines a ''mechanical source impedance." 
Inertia of the proposed load appears as 
a capacitor in the same dimensional sys­
tem. When the desired machine motion can 
be expressed in terms of velocity and the 
inertia of the load is known, the shape 
and magnitude of the necessary driving 
signal can be determined for the oper­
ating cycle. 

A typical example of an application 
in a paper tape transport is described. 

Machine Structure and Printed Armature 

Most of the important electro­
mechanical characteristics of the printed 
motor are shown in the exploded view of 
a typical small machine as given in 
Figure 1. Here we see the mechanical 
relationship of the five key elements of 
the device: exciting magnets, armature, 
field return path, brushes and bearings. 
In the photograph the eight pole pieces 
of the permanent magnet cage are visible 
to the right. These are polarized alter­
nately north and south, so that there are 
actually four pole pairs in the structure. 
One should imagine that magnetic flux 
leaves some particular pole, travels 

parallel to the machine axis and tra­
verses the armature disc into the soft 
iron return ring at the left. Within 
the return iron the flux divides and 
travels in both directions circumferent­
ially until it arrives under adjacent 
magnetizing poles of opposite polarity. 
At this point it re-emerges into the air 
gap, passes again through the armature 
and thence back into the magnet. Hence, 
we have what is in effect a planar or 
axial air gap d-c motor structure in 
which the torque producing conductors 
rotate independently of the magnetizing 
iron, and in which, reciprocally, the 
uniformity and smoothness of the magnetic 
field is virtually unaffected by rotation 
of the armature. The photograph also 
shows the brush locations. One may ob­
serve that commutation takes place dir­
ectly upon the surface of the armature 
disc so that every conductor is commutated 
in sequence. This point is of consider­
able importance when added to the fact 
that rotation of the armature does not 
modulate the flux density. The result 
is that the printed motor displays no 
cogging whatever: the armature has no 
tendency toward a preferred set of 
positions. 

It would be difficult to imagine 
a d-c motor of simpler construction. The 
key, of course, lies in the design and 
fabrication of the printed armature which 
serves not only as the motor winding but 
as the commutator, or vice versa. The 
details of this important component need 
not concern us here since they have bten 
discussed elsewhere in the literature • 
Suffice it to say for present purposes 
that the armature is produced by modern 
printed circuit techniques from a mas~er 
drawing: the conductors have a flat 
cross-section, are uninsulated in the 
conventional sense, and are carried upon 
a substrate of mylar, epoxy-glass, or 
high-alumina ceramic, as the application 
demands. The technique may be practiced 
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for machines ranging in power output up 
to several mechanical kilowatts and in 
peak torques from a few ounce-inches to 
several thousand pound-feet. In each 
case the armature may be thought of as 
the "annular" equivalent of a wave wind­
ing in which commutation takes place upon 
every active conductor. 

Electro-mechanical Characteristics 

In order to visualize applications 
for the printed motor we must first ex­
amine its electro-mechanical character­
istics and attempt to construct an ana­
logy for its performance as a circuit 
component. As with most physically un­
complicated structures, we shall find 
this approach to be both easy and grati­
fyingly simple. 

A first step is to consider the re­
lationship between speed and torque which 
may be deduced from an inspection of 
Figure 3, which is a schematic of the 
machine from an electrical point of view. 
Resistor ra is defined as the armature 
resistance plus brush resistance plus the 
resistance of the source of voltage ET, 
if any. Voltage ea is the back EMF and 
is related to the speed S in thousands of 
revolutions per minute (or some other con­
venient unit) by a constant factor ke • 
Similarly, the output torque, T, is given 
by T = kT ia where kT is another constant 
factor. Application of Ohm's law to the 
circuit yields the classical equation for 
an ideal shunt wound or permanent magnet 
field d-c motor: 

14"~ - T r + keS 
...... L" - kT a (1) 

A slight rearrangement of this ex­
pression leads to: 

T I:"a + S 
kekT 

(2) 

which is the equation of a straight line 
as shown in Figure 4 having a negative 
slope numerically equal to ra/kekT. 

Before continuing, we should pause 
to note that no component for electrical 
inductance is shown in Figure 3. In 
point of fact, the inductance of a print­
ed motor armature is so small as to be 

negligible; torque at stall is in phase 
with the applied voltage. Subsequently, 
we shall be discussing intermittent oper­
ation of the motor at frequencies of 
several hundred cycles per second so 
that this point should not be neglected. 

Equivalent Circuit Development 

Equation (2) and the plot of Figure 
4 show clearly that the end points of any 
family of speed-torque curves are a fun­
ction only of the motor terminal voltage, 
EI. A further step may be taken by recog­
n zing that the slope of these curves, 
ra/kekT,is a useful measure of quality 
in such machines. The dimensions of the 
slope are speed-change-per-unit-applied­
torque and it may be thought of as re­
SUlting from an equivalent series mech­
anical resistance, which we shall desig­
nate by the symbol &ms. 

Upon pursuing this idea a little 
further, we are led to the concept of 
an electromechanical equivalent circuit 
on the basis of speed as shown in 
Figure 5. Here the usual voltage source 
is replaced by a generator of speed, Si, 
delivering an "output" So through an 
internal resistance, &ms. The flow of 
torque, T, through &ros causes a speed 
drop as shown in Figure 4. Torque is 
therefore analagous to current. Nothing 
is lost in regarding the machine from 
this viewpoint, since Figure 3 and 
Figure 5 are identical except for a change 
of dimensions. Consideration of the power 
relationships in both circuits will demon­
strate this fact. 

The circuit of Figure 5 is a first 
approach and is adequate to describe the 
motor only so long as we are dealing with 
steady state conditions and torque loads 
(including friction from bearings and 
brushes) which are independent of speed. 
Practical experience with and analysis 
of printed motors has shown that the total 
loss torque to be expected must always 
contain a viscosity component, or a torque 
which is proportional to output speed, in 
addition to a constant value. Graphically 
the behavior is as shown in Figure 6. To 
be consistent with our previous concept 
of mechanical resistance we will assign 
the symbol HmD to the slope of the viscos­
ity or damping torque line. The damping, 
component of torque to be expected at any 
speed is therefore So/RmD. 



By substituting the speed-varying 
torque component into equation (2) or the 
circuit of Figure 5, one obtains: 

which, after some algebra, becomes: 

S. RmD _ 'TI Ruts RutD 
~ Rms+RmD F Rms+RmD 

(3) 

(4) 

whereupon we observe with the aid of 
Thevenin's Theorem that RmD is a shunt 
"resistor" across the output tenninals 
of the network, as in Figure 7. 

To complete the network for transient 
operating conditions, which are usually of 
chief concern in servomechanisms, we must 
provide a component for the mechanical in­
ertia of the motor and load. By inspect­
ion of the equations of motion for a 
printed motor, one arrives at the conclu­
sion that mechanical inertia may be repre­
sented as a capacitor of appropriate mag­
nitude connected in parallel with RmD ac­
ross the network output tenninals. In 
particular, a possible equation of motion 
for the circuit of Figure 5 in response to 
a velocity "step", Si, is: 

So = Si 
dSo 

- J -- x Ruts dt 

where J denotes total system inertia. 
Rearranging this slightly we get 

dSo So --+--
dt JRms 

which is solved to obtain: 

(5) 

(6) 

(7) 

In this equation the factor J • Rms 
is the system mechanical time constant, 
1r, and is to be compared with the 

analagous factor R • C in a simple 
resistance capacitance network. 

The complete equivalent circuit is 
shown in Figure 8. Two sets of con~is­
tent units are given in Table I, while 
specific values of the various elements 
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for several types of printed motors are 
listed in Table II. 

Interpretation of Equivalent Circuit 

Having now devised a useful tool to 
aid in thinking about the motor we are 
in a position to draw several conclusions: 

First, we note that the veloctty 
response of the motor to changes of the 
input speed (i.e., applied tenninal 
voltage) or output torque will be exact­
ly analagous to the electrical response 
of the equivalent single-time-constant 
RC network. Conclusions on frequency 
response, power dissipation, source 
impedance and the like are equally valid 
for either system. This is a comfortable 
fact because it means that the motor is 
a simple element to consider in the over­
all design of a servomechanism. 

Second, the arrangement of the 
circuit indicates clearly that an in­
crease of the viscous damping component 
is beneficial to the system response 
time. The corresponding reduction of 
RroD lowers the motor time constant, i.e., 
we broaden the bandwidth by loading the 
"capacitor." At the same time, excessive 
damping will result in an inefficient 
machine useful only at low speeds, since 
the speed attenuation through &rns into 
RmD ultimately becomes large. 

Third, for high perfonnance the 
resistance of the "generator" is extremely 
important and should be kept low with re­
spect to the annature and brush resistance. 
Otherwise the effective value of Rms will 
rise above the theoretically attainable 
value and the time-constant will increase. 

Fourth, tne perfonnance of the motor 
as a transducer is critically dependent upon 
flux density in the air-gap. Both ke and 
kT vary directly with field strength, so 
that the value of both Rms and the time­
constant vary inversely as the square of 
the field. 

Fifth, the transition between the 
velocity input to the network and the 
actual driving voltage is given by the 
factor ke' since ET = ke Si. This is 
to say that once the desired input vel­
ocity has been detennined the corres­
ponding driving voltage is in direct 
proportion. 
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Application 

Two general types of servos are of 
interest in the field of data processing 
equipment. The first covers the range of 
motor applications in velocity servos for 
magnetic tape reel and capstan drives, 
analog mUltiplying devices and similar 
continuous motion applications. The second 
area contemplates intermittent operation 
of the machine as in paper tape drives, 
card handling apparatus, printers and so 
on. In this field, the desired result 
usually involves the rapid and precise 
acceleration and deceleration of some 
medium from one position to another in a 
manner which may not be repetitive. Con­
trol is usually provided by some form of 
pulse position servo, the signals to the 
motor being simply "ON" or "OFF". The 
equivalent circuit is particularly use­
ful for this type of operation since the 
velocity hehavior in either of the two 
states can be easily predicted. 

Figure 9 shows a typical arrangement 
for the step-by-step advance of perfor­
ated paper tape. Let us assume that it 
is desired to eliminate all brakes and 
clutches from the transport and to ac­
complish movement of the tape simply by 
starting and stopping the motor,--which 
is directly coupled to the tape drive 
capstan. Further, we wish that slewing 
operation with stop on a character be 
available without modification to the 
system. To achieve these conditions, 
the following sequence of events can be 
supposed: 

1. Start: The motor is at 
rest with the tape in registry 
over the reading aperture. A 
clock or command pulse is re­
ceived, switching the electronics 
and the power transistor con­
trolling the motor into the 
conducting state. 

2. Run: The motor velocity 
rises rapidly to its terminal 
value (or very nearly) before 
~ext sprocket hole appears 
in the reading aperture. (This 
condition guarantees a stop 
will occur in registry inde­
pendent of the tape travel 
while slewing.) 

3. Stop: A stop pulse is 
received from the tape, 
switching off the electronics 
and the motor. The motor 
velocity decays to zero in the 
interval between the arrival of 
the sprocket hole at the edge 
of the reading aperture and the 
movement of the hole to a posi­
tion of good registry. 

In order to arrive at the desired 
velocities in the neQwork, we must 
calculate from the various times, 
velocities and displacements implied by 
the specifications. One commences the 
design by adjusting the diameter (and 
there£ore the inertia) of the capstan 
drum so as to maximize linear accelera­
tion at the drum periphery. Next, the 
total permissible time for the motion 
may be calculated from the maximum 
stepping speed required; it might be, 
for example, 5 milliseconds for standard 
one-inch paper tape. For the time per­
iod from Start to Stop as previously 
described, one must assume that about 
2.5 time constants elapse, so as to be 
sure~t the motor is near terminal 
speed when the Stop Signal is received. 
Further, it is reasonable to assume 
(by calculation from the equivalent 
circuit) that the motor may be effective­
ly stopped in about one time constant 
with a small amount of reverse pulsing. 
Therefor~we oonclude that the entire 
motion time must occupy about 3.5 time 
constants, so that one time constant 
must equal about 5/3.5 or 1.4 milli­
seconds. Finally, we can estimate the 
various displacement components of the 
cycle accurately, since these are given 
by the drum diameter and the dimensions 
of the tape. From the information on 
motion time, drum diameter, running 
displacement and time constant, one may 
calculate and plot a curve of the motor 
output velocity which must be delivered 
by the equivalent circuit. A typical 
result is sketched in Figure 10. Note 
that a reverse pulse is shown as begin­
ning at Stop. The negative voltage 
pulse applied to t~e motor terminals 
during this interval is such that it 
would result in a complete reversal of 
the machine along. the dotted line ex­
tending into the negative velocity'region 
if sufficientLy proionged. 

The corresponding veloc'ty (or 



terminal voltage) input to the network is 
shown in Figure 11. The forward or "run" 
velocity is effectively that obtaining at 
the instant of Stop in Figure 10, since 
we assume that terminal velocity has been 
achieved during the "run" period. The 
reverse velocity amplitude must be con­
sistent with the assumption of a complete 
stop in about one time constant. This is 
the same thing as saying that the reverse 
velocity asymptote shown in Figure 10 must 
be 

1 _ 1 
1 - lIe 

times the forward velocity. The pulse 
duration is set close to the expected 
stopping time, but is not critical since 
an error in timing when the motor velocity 
is near zero results in only a small dis­
placement. 

Reduction to practice with such a 
design procedure is fundamentally a 
series of successive approximations: the 
designer is bound by limitations of the 
motor itself in terms of the realizable 
values of Rms and RmD which may be 
employed to get a usable result. Further, 
the effect of friction torque is always 
beneficial to intermittent motions if it 
is not excessive and is difficult to 
assess until the physical apparatus is 
tested: friction is easily compensated 
by raising the forward velocity and 
assists in a rapid stop since the friction 
torque "current" di~charges the inertia 
"capacitor." In general terms, the 
equivalent circuit approach is valuable 
since it provides a point of departure 
and as a means for reconciling unexpected 
phenomena which are so often experienced 
in matters of this sort. 

Developmental Tape Reader 

The circuit parameters and schematic 
driving arrangement for a newly developed 
high performance printed motor in a dev­
elopmental paper tape reader are shown in 
Figure 12. ° Note that the damping resistor, 
RmD, which would normally be several ttmes 
Ruts (Table II), is adjusted to be half 
the series resistance. In practice this 
is accomplished by laminating the arma­
ture with a thin disc of soft aluminum. 
The tape capstan drum and other mechanical 
parts of the machine are carefully adjust­
ed to achieve low inertia. 
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Operating tests on this reader 
transport show that a mechanical time 
constant of about one millisecond has 
been achieved. The motor will execute 
the complete cycle of start, accelerate, 
run, shut-off, decelerate and stop at 
a rate of 250 lines per second for 
standard one-inch paper tape. Stop­
on-a-character is automatically obtained 
for slewing operation while the reader 
will advance blocks of tape ten lfaes 
long at a rate of 25 per second. 

Conclusion 

The printed motor is an electrically 
simple device, providing smooth torque 
from a low inertia mechanical structure. 
Linearity of the speed-torque curves 
allows the construction of a simple 
equivalent circuit which accurately 
represents the transient performance of 
the machine in continuous and inter­
mittent motion servos. The feasibility 
of a proposed application may be studied 
and a design formulated by reconciliation 
of the desired velocity behavior with the 
machine parameters. 

1 Henry-Baudot, J. and Burr, R. P., 
"Printed Circuit DC Motors for 
Electronic and Instrument Applications," 
IRE National Convention Record, Part 9, 
March 1959 and Burr, R. P., "Printed 
Circuit Motors" presented at 1959 
AlEE Machine Tool Conference, 
Cleveland, Ohio, October 20, 1959. 
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Table I 

Consistent Units 

Equivalent Motor Speed Network 

A. Speed is measured in 1000 rpm, denoted by kpm. 
Armature resistance, r a , in ohms. 
Torque per ampere, kT' in in-oz/ampere. 
Back EMF per kpm, ke' in volts/kpm. 
Mechanical resistance, Rms, Rm~ in kpm/in-oz. 
Inertia, J, in 105 x in-oz-sec • 
Terminal voltage, ET, in volts. 

Note: The mUltiplying factor 105 for J arises from 
a conversion between radians per second and kpm. 

B. Speed is measured in radians per second, rad/sec. 
Armature resistance, r a , in ohms. 
Torque per ampere, kT' in gr-cm/ampere. 
Back EMF per kpm, ke, in volts/rad/sec. 
Mechanical resistance, ~s, Rmn in rad/sec/gr-cm. 
Inertia, J, in gr-cm-sec • 
Terminal voltage, ET, in volts. 



Table 11 

Rms l\nD 
?: 

mi11i-
Motor kpm/in-oz 19!m/in-oz seconds 

PM 368 94.5 x 10-3 842 x 10-3 34 

PM 368 A 94.5 x 10-3 13.2 x 10 -3 5 

PM 488 23.5 x 10 -3 400 x 10-3 41 

PM 668 2.5 x 10-3 106.6 x 10-3 24 

PM 1028 242 x 10-3 12.13 x 10-3 23 

PM 368 HF 15 x 10-3 7 x 10-3 1.5 

Cont. Peak 
Torque Torque 

in-oz in-oz 

12 150 

12 150 

42.5 375 

140 1175 

1000 8400 

30 375 

Case 
Diameter 

inches 

4.250 

4.25 

5.625 

7.125 

11.0 

5.625 

0\(..1) 
• (..I) c.n ...... 
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Fig. 7. Location of Mechanical "Viscosity" Re sistance 

Fig. 8. Complete Equivalent Speed Network Including Inertia Capacitor 
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