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REPORTS AND NOTEBOOKS

(R1) We issued three reports describing the progress of our work
on the ENIAC (Project PX). Each had the heading ""The ENIAC (Electronic
Numerical Integrator and Computer)' and the notation "Submitted in
accordance with Contract #W-670-ORD-4926." I will refer to them as
the "First ENIAC Progress Report," etc. The periods covered are as

follows:

First ENIAC Progress Report - To December 31, 1943.

The Preface was written in mid=February, 1944.

Second ENIAC Progress Report = January 1 to June 30, 1944.

This report was written about July 31, 1944.

Third ENIAC Progress Report - July 1 to December 31, 1944.

There is reference to experience gained after December 31, 1944.

(R2) I used three notebooks as engineering workbooks and as
record books for conferences of engineers and others on the design of
the ENIAC (Project PX) and later on the EDVAC (Project PY). Iwill
refer to these as follows:

First Engineering Notebook Z16

Issued on June 17, 1943. The latest dated entry is April 27, 1944.

Second Engineering Notebook Z17

The first dated entry is May 1, 1944 and the last is December 17, 1945.

Third Engineering Notebook Z12

This is mostly about the EDVAC (Project PY), though onp. 11

there are some ENIAC assignments made on January 18, 1946.



SYSTEM DESIGN

(S1) The ENIAC was composed of nine different kinds of units:
accumulator (of which there were 20), function table unit (of which there
were 3), high-speed multiplier, divider and sqt;are-rooter, master
programmer, cycling unit, initiating unit, constant transmitter (the

input unit) and printer (the output unit). All these units had to function

as one coordinated, synchronous system. They were interconnected in

a number of ways. Trays and cables carried the frame of cycling unit
pulses around the back of the machine. Direct current voltages were
provided by a common power supply, and alternating current went to the
filament transformers of the units. Semi-permanent connections were
made between some of the units by means of cables. The multiplier selector
of the high-speed multiplier received the digital contents of the multiplier
accumulator in this way. To program the ENIAC, temporary inter-
connections were made at the front of the machine by means of cables and

trays. These interconnections were of two kinds, digital and program.

(S2) While the design, development, construction, and test of each unit
proceeded separately, all of these designs had to be coordinated at both the
logical and the electronic levels. Logical design included such matters as
the decimal representation of digits, processing all digits of a number in
parallel, and the type of complement system used. Electronic design
included the voltage level and swing of a signal, the exact timing of the

signal, the power involved, and similar engineering matters.



(S3) The ENIAC units were constructed from gating and counting
circuits, arranged in logical patterns that would permit a programmed
sequence of arithmetic and conditional operations. By the end of the
summer of 1943 we had individual gating and counting circuits which
operated reliably and fast. The big problem.was to design the tremen-
dously large ENIAC system so it would be reliable and fast. Toward
this end, general rules for operating and designing the ENIAC were
decided on. Since the counters worked satisfactorily at a rate of

200, 000 pulses per second, it was decided to operate the machine at
the rate of 100, 000 pulses per second, each pulse being about 2 micro-
seconds wide. A tentative arrangement of cycling unit pulses and gates
was planned. Pulses were not to be generated from within a unit; when
a pulse was needed, an appropriate pulse from the cycling unit was to
be gated. This was to prevent successive degeneration of pulses.
Pulses were never to be gated against pulses but only against gates;

this was to avoid sensitive timing problems.

(S4) Operational safety factors were introduced. For example, gate
circuits were to be designed so that in normal circumstances they would
operate in half the available time, and so that each tube in the circuit

would produce three times the voltage needed to drive the following tube.



These design rules were all carefully planned to guarantee the reliability
of the computing system that we had yet to design, build, experiment with
and make operative. These rules, and simple logical and electronic
design, were the main answer to those who said: A machine with twenty
thousand vacuum tubes will never work; at every moment at least one tube
will be out of order, and the answer will be wrong! I participated in many

discussions of these design rules and became familiar with all of them.

(S5) The ENIAC was a very complicated system. The process of
developing this system was simplified by concentration on the key units
first: accumulator, high-speed multiplier, function table, and cycling unit.
The arithmetic treatment of numbers, the basic logic of local programming,
and the electronics of communication were developed for these units.
However, the principles adopted for these key units had to be sufficiently
general and flexible so as to cover the remaining units, even though the

detailed design of the remaining units could be made to conform to these

principles.

(S6)  The "'whole-part' nature of the design of the ENIAC is worth
emphasis. This applied both to the system as a whole and the individual
units. In designing a circuit, we didn't know how much signal power would

be needed to perfofm a certain function until we knew how long the signal



wires were, and we didn't know this until we knew how many tubes would

be needed. Hence design proceeded by successive approximations. We
would make a tentative design of the whole, analyze it to see if it worked,
and revise it. Moreover, the characteristics of the whole system were
dependent on the characteristics of its units, and vice versa. Therefore,

in designing a unit we had to keep in mind the whole system. The rules
governing the whole system had to be held in mind since the system was
constantly changing, and was designed over a long period, and the drawings

lagged behind the design and sometimes even the construction.

(S7) The ENIAC was the first really large electronic system to be built.
Much of the system design was done with little prior experimentation.
Circuit drawings were revised frequently. Designs were sometimes
changed as the result of discussions, and the women who were doing the
wiring were informed of the change before the drawings could be updated.
Changes were even made in the units after they were wired and before they
were tested. In this connection, I recall a meeting of all wiremen,
technicians, and engineers. The morale of the wiremen (mostly women)
had become bad because we kept changing circuits after they were wired
and before they were finished and could be tested. Eckert explained that
this was because the ENIAC was a large, complicated system which was

under development, and that because it was needed for the war effort we



didn't have time to make sure the design was correct before building it.

This .greatly increased the morale of the wiring group.

(S8) It is clear from this that the ENIAC was a very large electronic
system, and that its design, construction, and testing were a team effort.

I participated strongly in the development of the whole system as well as

(many .

in the development of ke individual units,.stneads-desenibed. Though 2/3, />:
each of us worked on various units of the system, we held group meetings

to discuss common problems and coordinate the design. In addition, I had

many discussions with Eckert and Mauchly about the design. I think that

next to Eckert I had the best overall understanding of the ENIAC system

and that on some matters, such as the operation of the multiplier, I had

a better understanding than he did.

(S9) I will illustrate the system aspect of the ENIAC design with two
examples. First, we had discussions and made decisions about the
frame of pulse sequences and gates which was to be produced by the
central "clock' or cycling unit. This frame of signals had to be such
that each unit could be designed to act on the basis of it. For example,
in designing this frame we had to leave enough time between the program
pulse and the first digit pulse so that the gate circuits activated by the

program pulse would be ready to respond to the digit pulses. The longest



signal produced by the cycling unit was the carry-clear gate. This was
used to clear the decades and PM units of accumulators back to zero (or

5 in the case of round-off) and also to control the final carry-over in an
accumulator. The latter took the longest time. During the addition
process, sequences of pulses representing tﬁe number to be added entered
all decades (and the PM unit) in parallel. If there was a carry-over

(i. e., if a decade cycled from 9 back to 0), a pulse was to be added to

the next decade (or PM unit) to the left. It was not safe to do this
immediately. Instead, the fact of carry-over was held in the carry flip-
flop until the sequence of digit input pulses ended. Then the cycling

unit sent out the carry-clear gate and a pulse which produced the carry
signal. Now a carry could give rise to another carry, which would
immediately pass to the next decade. In the worst case the carry would
ripple all the way from right to left, and if two accumulators were
connected together (to handle a 20 digit number), there could be a transit
through 19 decades. The cycling unit had to be designed so that the carry-
gate was left on long enough for this to be completed. After the two
accumulators were built, this transit time was measured. As I recall,

we then extended the duration of the carry-clear gate.
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(S10) My second example of system design concerns the length of the
numbers used in the ENIAC. In the end we decided on decimal numbers
which had ten digits, with provision for pairing accumulators to handle

20 digit numbers. But at the beginning of the' project we did not know how
long to make the numbers. We knew how many digits of accuracy were
needed for firing tables, but we did not know what the cumulative effect
of two kinds of errors would be. Truncation errors result from approx-
imating continuous differential equations by discrete difference equations.
Round-off errors are the statistical accumulation of the errors due to
rounding-off answers. We planned for the ENIAC to use a less sophisticated
method of integration than was used by girls with mechanical calculators.
These less sophisticated methods would require many more steps of
integration, and hence round-off errors and truncation errors would be
more important when the ENIAC solved a trajectory than when the
trajectory was integrated by hand. The solution of this difficulty was to
make the numbers used in the computation longer and hence more precise
than the input data and answers. There were many discussions of these
matters and some mathematical research was done before we decided on
10-decimal digits. These discussions and decisions involved mainly
John Mauchly, Herman Goldstine, Professor Hans Rademacher (of the
Mathematics Department), Dr. Leland Cunningham (of Aberdeen), and

myself.



(S11)

. The ENIAC computing system consisted of 40 panels (each two

feet wide by about eight feet high), 3 portable function tables, and two

IBM card machines. All of these were interconnected by cables and "trays."

In terms of functions the machine is best divided into these four parts:

(D

(1T)

(111)

(IV)

(S12)

on Qg

The basic computing units, or units which stored numbersa computed, '/3//,2
and had their own local program controls. There were 20 accumulators,
the multiplier, 3 function table units, and the divider square-rooter.
Together these basiccomputing units constituted about three-quarters

of the machine.

The master programmer, which supervised the program controls

of the preceding units.

The input and output units: the constant transmitter and its card

reader, and the printer and its card punch.

The cycling unit, which provided the basic reference frame of

electrical signals (various sequences of pulses and the carry-

clear gate) used for synchronizing the preceding units.

We designed the main computing units of the ENIAC first:

the accumulator, the multiplier, and the function table, along with the

cycling unit to operate them. (The divider square-rooter was left until

later.) When most of the circuits of these main computing units had been
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designed and drafted, Sharpless and I were assigned to review and analyze
the complete system. We were to determine as far as possible at that
stage whether the logical and circuit designs were correct and would
perform the computing functions we had plann;ed for them. This included
the interaction of the various units, as well as their internal operations.
We corrected faults and made suggestions for improvement. When we
were part way through (I think we had finished the accumulator and the
multiplier), Sharpless was asked to devote full time to the cycling unit,
and Shaw and I finished the task. We did the function table together and

perhaps looked at some of the remaining units.

(S13) I did some work on programming the whole system, as well as

on programming the high-speed multiplier and its associated accumulators
during the test period. Under my direction, Don Hunt drew up a connection
diagram for an ENIAC program, probably for a ballistic trajectory. Hunt

recently wrote me that he did this in the first half of 1944.

(S14) Most of the logical and electronic design of the ENIAC was done
in a 21-month period, which is a surprisingly short time for such a
complicated and novel machine. The original proposal for ENIAC,
"Report on an Electronic Diff. ¥ Analyzer, " by Eckert and Mauchly, was

dated April 2, 1943. The logical and electronic design of the ENIAC was



essentially complete at the end of 1944, just 21 months later. A model
machine with two accumulators and a small cycling unit was made
operational in the summer of 1944. The main design drawings of the
accumulator, multiplier, function table, and master programmer had

been drafted, approved, and checked by the end of 1944. Most of the

ENIAC units were under construction at that time.

(S15) Though the logical and electronic design of the ENIAC was
essentially complete by the end of 1944, the ENIAC was far from being

- operational at that time. No complete units had been constructed except
for those in the model machine. After the units were constructed they
would have to be tested, modified, corrected, and made operational. For
example, the zero-line error in the high speed multiplier was not even
discovered until the summer of 1945 (see paragraphs M17 to M19 below).
Moreover, some logical and electric design work was done in 1945. The
main diagrams for the divider square-rooter were not drafted until the
spring of 1945. Some design wo.rk was done on the cycling unit in 1945;
many of the drawings for this unit were not checked by Sharpless until
August, 1945. And in the case of those units whose logical and electronic
design had been essentially completed in 1944, later design modificatiéns
were needed to make them operational. For example, many of the changes
in the accumulatof and multiplier drawings which we called "semi-final

revisions' are dated June and July, 1945.



(S16) I made several non-inventive contributions to the ENIAC project
which show the extent of my involvement in and knowledge of the whole
system. Because of my ability to write I was given considerable
responsibility for the ENIAC progress reporté. This gave me an
opportunity to follow developments intimately. I designed the direct-
current power supplies for the ENIAC and ordering special transformers
for them. We needed 78 different voltage levels and used 28 separate
power supplies to obtain them. The remaining voltages were obtained

from resistor dividers.

(517) Summary: The ENIAC was a very large and complicated system.
Its essential electronic and logical design was completed in the surprisingly
short time of 21 months. The design of all the units had to be coordinated
at both the logical and electronic levels. I participated in and contributed
to discussions on the design of the whole system. I was the only person to
make a complete analysis and check of the circuit design of the basic ENIAC

units.
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HIGH-SPEED MULTIPLIER

(M1) I did much of the logical and electronic circuit design of the high-
speed multiplier, completing the conception of the  invention of this unit.

At the time I began this work, Eckert and Mauchly had worked on the
general method of multiplication. There was to be a multiplier selector,

a resistor matrix multiplication table, a multiplicand selector, and shifting
circuits. Sharpless had built a sample slice or 'cross-section' of the
proposed electronic multiplication circuits. His experimental work with
this cross-sectional circuit showed that the Eckert-Mauchly method of
multiplication was electronically feasible. Sharpless had also done some

preliminary work on the programming circuits of the multiplier.

(M2) The multiplier unit was to operate in conjunction with four

' another to store the

accumulators: one to store the ''multiplier, '
"multiplicand, ' and two to store the partial products, with the final
product appearing in one of these. The multiplier unit was to accomplish
the following in one addition time: Select one digit from the multiplier
accumulator, multiply the entire multiplicand by this digit, and shift the
partial products to the correct decimal position. After this, complement

corrections were to be made and the partial products combined. All of

this was to be controlled by programming circuits yet to be designed.
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(M3) I then worked out and completed the logical and electronic design
of the high=-speed multiplier. Because logical design and circuit design
were interdependent, they had to be done together. The logical design of
a gating circuit might be correct, but then analysis of its electrical
behavior would show that the voltage available to operate a tube was
marginal, or that the capacitance contributed by a long wire was so great
that a gate barely operated by the time the relevant pulse arrived from the
cycling unit. Something must then be done to provide the required safety
factors. Another tube would probably be added to amplify the signal. But
this tube would usually reverse the polarity of the signal, and might change
the physical arrangement of the circuit, so the whole design had to be

revised.

(M4) The resistor matrix which stored the multiplication table through
nine times nine was the heart of the high-rspeed multiplier. It was a matrix
of horizontal and vertical wires, interconnected by resistors. There was
a horizontal wire for each possible digit, and a set of vertical wires (about
50) controlling gates which received pulses from the cycling unit. At each
intersection of a horizontal and vertical wire of the multiplication table
matrix, these two wires were or were not connected through a resistor,
according to what arithmetic demanded. In this resistor matrix, a

desired connection between a horizontal wire and a particular vertical wire
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was direct, passing through only one resistor. An undesired connection
(between a horizontal wire and a vertical wire which it should not operate)
was indirect, passing through at least three resistors. Unfortunately,

there were many such back paths.

(M5) This led to the problem of parasitic signals. The multiplication
table and its associated circuits had to be designed so that there was ample
signal voltage to operate a gate which should be operated, but not enough
parasitic signal voltage to operate a gate which should not be operated.
The preliminary design of the multiplication table had determined whether
a resistor should or should not be placed at an intersection. Part of my
task was to calculate the resistor values and design the associated circuits

so that this part of the multiplier operated reliably.

(M6) Sharpless made the following inventive contribution to the logical
design of the program control circuits of the multiplier unit. The multiplier
unit was to use two addition times to prepare for the multiplication process
proper. The multiplier unit was then to carry out the multiplication process
for a variable number (2 to 10) of decimal places of the multiplier, according
to the setting of a "places switch'' associated with each program control.
(There were to be many such program controls and the operator was to
pre-set.the places switch for each according to the accuracy he wanted for

that particular multiplication.) Finally, the multiplier unit was to use two



more addition times to complete the multiplication by making complement

corrections and combining the left-hand and right-hand partial products.

(M7) Thus a multiplication was to be accomplished in three successive
time periods: two addition times for preparation, followed by two to ten
addition times for multiplying each multiplier digit by the multiplicand,

and finally, two addition times to complete the multijplication. We planned
to use counters and possibly flip-flops to control all this. The problem was:
How were we to get a variable number (2 to 10) of addition times in the

middle of the process?

(M8) Sharpless' inventive solution was to use a single control counter,

and to clear it to a selected point other than its initial position by gating
from a stage of the counter with the signal coming through the places

switch. His solution is shown in Fig. 42A (Sheet 40) of the ENIAC patent
3,120, 606. Each of the gates numbered 4 (P14) through 12 is fed on one
control grid from the program counter ring and on the other grid by a signal
from a program control (tube P37 of Fig. 42B Sheet 41) passing through a
places switch., When these grid signals occur in coincidence, the counter
jumps from stage 4, 5, ..., 11, or 12 to stage 13. Stages 13 and 14 control

the last two addition times, and hence the final steps, of the multiplication.

16
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(M9) Sharpless once wrote that this solution to the multiplier control
broblem was his idea. In his March 4, 1946 "Copy of Letter to J.P.E., Jr. "
i.e., Eckert, Sharpless says 'In addition under item 5 of 'Outline of Patent
Application Material,' is a note about cleariné counters to selected points

by gating from a stage of the ring, as in the multiplier program ring.

This, too, I believe is my idea.' See Exhibit F.

(M10) On pages 1 and 2 of Chapter X of the First ENIAC Project Report
(to December 31, 1943) it says: ''The circuit design of the multiplier,
excepting for the programming circuits, is completed. ' This was true

in the sense that the general method of multiplication had been conceived,

a cross=section of these circuits had been built and was under test, and
some preliminary design work had been done on the programming circuits.
But the aci_:ual logical and electronic design had not yet been worked out, so
that the conception of the high-speed multiplier was not yet complete. I
will show that this is so on the basis of the materials included in the report,
by reference to entries in my Project PX Engineering Notebooks, and by the

dates on the drawings of the high-speed multiplier.

(M11) Only two drawings of the multiplier were included in the First
ENIAC Progress Report. The first was PX-6-54 (Simplified Diagram of
the High-Speed Multiplier. ) This diagram was highly schematic, showing

only the general method of multiplying two 4-digit numbers. As we said
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in the Report: "It is important to note that this diagram is only for the
purpose of explaining the operation of the multiplier and is not a wiring
diagram. Not only are such circuit details as screen grids, etc., omitted,
but also load resistors, amplifiers and buffe'r tubes, phase inverters, etc.
Furthermore, the multiplication table to be used (see Drawing PX-6-70 in
this chapter) is a complement of the table shown in the diagram....' (p. 1
of Ch. X). Moreover, this Drawing PX-6-70 contained an important error,
which was not discovered until the summer of 1945; this error will be
explained in paragraph (M18) below. Thus the First ENIAC Progress Report

contained only two multiplier drawings, and the multiplication table resistor

matrix was incorrect in both.

(M12) It is stated in this Report that ""the program circuits of the
multiplier are now being designed. Since they are the same in many
essential respects as those used in the accumulator, the work already

done on the accumulator programming is being utilized" (p.11 of Ch. X).
This is only true in a general sense. At the time this was written the
design of the accumulator program circuits had not yet been completed,

so to a considerable degree I had only verbal ideas and incomplete drawings
of the accumulator program circuits to use as a model when I designed the
multiplier program circuits. Moreover, the problem of controlling a

variable number (2 to 10) of addition times in the middle of the multiplication



process did not occur in the accumulator. This is the problem that Sharpless
solved so neatly with his idea of clearing the control counter to a selected

point other than its initial position; see paragraphs (M6) to (M9) above.

-

(M13) The following entries on the multiplier occur in my Engineering
Notebook Z16. On page 211, with date March 9, 1944, there is a mechanical
layout of the three panels of the multiplier unit, showing how the various
circuits would be arranged. This is followed by several pages of analysis
of the ""Parasitic Actions in the Multiplier Table. "' The next pages give the
status of the design and construction of various ENIAC units. The first
model of the accumulator had been designed and construction was under way.
We planned to use the receiver and transceiver plug-in units of the
accumulator in the multiplier, though in the end we used only the latter type.
Not counting these plug-in units, the electronic design of the various parts
of the multiplier ranged from 50% complete to 90% complete, and no
construction had yet been done (page 220). Following this there are various
other entries about the multiplier, the last occurring late in April, 1944,

near the end of Notebook Z16.

(M14) My Second Engineering Notebook Z17 was issued April 28, 1944.
Page 17 contains ""Experimental Tests to be Made on the Multiplier.' The

test described is related to Sharpless' idea of clearing the multiplier

19
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control counter to a selected point other than its initial position; see
paragraphs (M6) to (M9) above. On June 4, 1944, we decided to remove
the "direct digit input" of the accumulator so as to improve the reliability
of the input circuits (p. 29). This req‘uired changes in the multiplier
design, since we had planned for the multiplier digit outputs to go into
the partial products accumulators through these direct inputs. On about
May 8, 1944 (page 25) and on July 26, 1944 (pages 36-;37), I re~-analyzed
the parasitic signals in the multiplication table resistance matrix to see
whether the operation was safe if the resistance values should vary as
much as 10%. About a year later I analyzed these parasitic signals again
in connection with an error I discovered in the multiplication table when 1

tested it; see paragraphs (M17) to (M19) below.

(M15) After completing the logical and circuit design of the multiplier

unit, I informed the draftsman of the details and saw that he drew correct
diagrams of the design. To this end, I prepared rough drafts of the circuit
diagrams, supervised the drafting of them, and prepared cross-sectional
drawings to facilitate checking and revision. Many of the diagrams for the
multiplier were drawn by F. Robert Michael, and most were finished in
October and November, 1944. Sharpless and I went over the design together
to verify its correctness and its compatibility with the rest of the ENIAC

system. We signed most of the drawings in December, 1944.
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(M16) The multiplier circuits were wired under my direction. I checked
‘this wiring to see that it was correct, and supervised the assembly of the
three panels of the multiplier unit. Using a version of the cycling unit and
some accumulators, I set up and ran programis to see if the logical and
arithmetical design of the multiplier was correct. I also conducted
electronic tests and measurements. I supervised the correction of the
defects of the multiplier, and finally, certified that the unit was operational.
This testing and correcting of the circuits was started in the summer of
1945 and completed in November of that year. There are entries in my
second Engineering Notebook Z17 concerning this work at pages 54-56
(July, 1945), pages 58-59 and 62 (August 23), pages 64-73 (the first of
these pages is dated September 11), pages 77-80, and pages 81-83 (the first
of these pages is dated November 2, 1945). I was assisted by Bob Michael
in much of the work described in this and the next three paragraphs. Kite

Sharpless also helped.

(M17) There were some small errors in the multiplier, but the chief

error occurred in the multiplication table resistor matrix and its associated
circuits. Suppose, for example, that the multiplier digit being used at a
given addition time was 7. The voltage on horizontal wire 7 of the
multiplication table was lowered, causing currents to flow through all

the resistors connected between it and the vertical wires of the multiplication



table matrix. These currents lowered the voltage on these vertical wires,
turning off the output gates they controlled. The desired pulses then passed
through the gates that were not turned off and passed into the multiplicand
selector circuits. If the multiplier digit were zero, then all of the output
gates should be turned off. In other words, even though the product of zero
and any multiplicand is zero, a horizontal wire for a zero multiplier digit

was needed in the table matrix.

(M18) When first tested, the multiplier gave a wrong answer for most
numbers. By testing different cases and analyzing the circuits, I isolated
the trouble to the multiplier digit zero, and immediately realized where -
the error was and how it had arisen. The original design of the multiplica-
tion table resistor matrix had assumed that the output gates would normally
be off, so that only the gates needed would be turned on, and of course,

no gates were needed when the multiplier digit was zero. Hence for this
mode of operation we had not needed a zero-rinput' line to the table matrix.
However, for polarity reasons we had later reversed this mode of
operation and used a "complement'' table. We had changed all the

resistor connections for the lines already there, but had overlooked the

fact that we needed a zero-input line.

22



(M19) To correct the mistake I had the following circuits added to the
multiplier: a '"zero' row of tubes in the multiplier selector, a "zero"
row of resistors in the multiplication table, and the needed amplifying

tubes in between. Drawing PX-6-101 (Multiplier Selector Chassis) was
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corrected on August 2, 1945 and initiated by Bob Michael. Drawing PX-6-170

(Multiplication Table Variation 6«Complementary Table) was corrected on
July 31, 1945 and initiated by Kite Sharpless; it was renumbered as
PX-6-170 at the same time. I recalculated the parasitic signals in the
multiplication table resistor matrix to make sure that the table operation
was still reliable; these calculations are on pages 54-56 of my Second
Engineering Notebook Z17 and were made in July, 1945. At a meeting of
August 23, 1945 (called "Final Work Meeting'') we listed what remained to
be done on the ENIAC units. The first two items under the multiplier were

"Put in 0 line'" and ''change table" (p. 59).

(M20) The high speed multiplier was the most complicated electronic
unit of the ENIAC. It occupied three two-foot wide panels and operated
in conjunction with 4 or 6 accumulators. It had more than a thousand
vacuum tubes. We made more circuit design drawings for it than for

any other unit.
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(M21) Summary of my contributions to the high speed multiplier unit:

I completed the conception of the invention of this unit. Starting from the
general design principles of Eckert and Mauchly and from Sharpless'
experimental work with a cross~section of some of the circuits, I worked
out the logical and electronic design of the high-speed multiplier. This
included the programming circuits, and required careful analysis of the
parasitic signals in the multiplication table resistor matrix. I then super-
vised the drafting and wiring of the unit, tested it, and saw that the errors

in it were corrected.

(M22) Summary of Sharpless' contributions to the multiplier:

He did early experimental design work on the multiplier. Sharpless also
made a specific inventive contribution to its control circuits. In controlling
the multiplication process, we needed to obtain a variable number of addition
times in the middle of the process. Sharpless invented this solution to the
problem: clear the control counter to stage 13, rather than to its initial

position, by means of a gate signal coming from a places switch.
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ACCUMULATOR

(A1) Each accumulator was to perform the following functions: Store a
‘10-digit number with sign, receive a number over a trunk in pulse form and
add that number to its contents, and transmit its contents in pulse form either
positively or negatively. It was to contain its own programming circuits for

controlling and directing these functions.

(A2) Eckert and Mauchly worked out the general principles of the accumu-
lator design. Most of the actual design was done by Eckert, with assistance
first from Frank Mural and later from John Davis. Sharpless, Shaw and I
all made contributions to the design of the accumulator. Mauchly conducted
the two-accumulator test in the summer of 1944, with Sharpless workiné on

the small cycling unit, which provided the pulses and gates for this test.

(A3) My first important contribution to the design of the accumulator was
a logical design contribution involving the complement system of handling

negative numbers.

(A4) The complement system we first adopted is called the ''tens' comple-
ment system. A positive ten-digit number is represented in the normal way,
with zero in the PM counter. A negative number is represented by its tens-
complement. The tens-complement of any number is calculated by reversing
its sign digit (changing zero to one and one to zero), complementing each digit

with respect to nine (i.e., taking the difference between that digit and 9), and
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adding one pulse in the units place. The effect of these operations is to
complement every digit with respect to 9 except the units digit, which is

complemented with respect to 10. Hence the name, ''tens=complement. "

(A5) We originally adopted the tens-complement system because it was
the complement system we were familiar with. We began to design the
accumulator to operate in accord with this system. The choice of
complement system also affected many other units of the ENIAC. Indeed,
it affected in some way any unit that handled negative numbers. The effect
on the high~speed multiplier unit was greatest of all. The central part of
the multiplication process ignored the sign (PM) digits of the multiplier
and multiplicand; but if either the multiplier or the multiplicand was a
complement, corrections were made near the end of the multiplication

process.

(A6) During the ENIAC project a few of us made trips to Aberdeen to
report on our work and consult with people there, particularly Dr. Leland
Cunningham. Of the people at Aberdeen, he was in closest contact with the
project and knew most about digital computing. I took at least two such
trips, including one with John Mauchly and one with Pres Eckert. On one
of these trips John and I learned about another complement system, called

the '"nines'" complement system. This differs from the tens-complement
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system in the treatment of the units digit. As mentioned earlier, the units
digit is complemented with respect to ten in the tens-complement system,
whereas the other digits are complemented with respect to nine. In the
nines-complement system the units digit is complemented with respect to
nine, as are the other digits, but a cyclic carry circuit is established from

the left of the number back to the units place.

(A7) The nines-complement system came to our attention when we
examined and discussed the Aberdeen IBM machines with Cunningham. We
learned then that this system has certain advantages over the tens-
complement system. After we returned to the Moore School, John and I
considered the two alternative systems in terms of their applicability to
the ENIAC and discussed their relative merits with Pres. As1 recall,
there was a discussion of this topic at a meeting of the ENIAC engineers.
We concluded that the nines=complement system would be better, and

decided to change to it.

(A8) I started to m.a’ke the necessary changes in the design plans of the
accumulator. Though everything seemed all right, and Mauchly thought the
new method for handling complements would work correctly, I nevertheless
decided on my own initiative to re-think the implications of the nines-

complement system for the ENIAC. I analyzed complementation for the



accumulator and the multiplier, taking into account related matters.

Most importantly, I considered the effect of the nines-complement system
on our method of rounding-off numbers in an accumulator. We planned to
design the accumulator so that it could be cleared to 5 (rather than 0) in a
selected decade position, this position being sélected by the ''significant"
figures switch. The decade cleared to 5 was, of course, immediately to
the right of the least significant digit to be kept. The unwanted digits
(insignificant figures) were to be deleted by means of a "deleter'" inserted
into the digit transmission cables. The significant figures switch also

re-routed the complement pulse when an accumulator transmitted sub-

tractively, that is, transmitted the complement of its contents.

(A9) In our original analysis of the effect of changing from the tens-
complement to the nines-complement system, no one had thought to
consider the effect of this change on our round=-off procedure. In my
re-analysis I did consider this effect, and found that our changed design

did not work correctly. We had left the round~off procedure unchanged.
This procedure gave the wrong answer when the number being rounded off
was a complement in the nines~complement system. In this case, the
number wasbrounded down one unit too much. I determined that the correct
procedure for the nines=complement system was to add five for positive

numbers and subtract five for negative numbers (complements). I further
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determined that this procedure was not easy to implement in the ENIAC
system. For on this procedure the round-off process depended on whether
the number being rounded-off was or was not a complement. But at the
time an accumulator was cleared it could not be known whether the number

noundleol o¥f€ -2 4
to be eventwaly-tnensnritted would or would not be a complement. //ss/22

(A10) I could not see any practical way around this difficulty, and
concluded we would have to go back to the tens-complement system, even
though we had recently decided to abandon it. The new nines-complement
system was also going to lead to complexity in the arithmetic design of the
multiplier. I discussed the matter with John and Pres, and they agreed
with me. Hence we decided to return to our original complement system.
Only in the case of the accumulator had the design been carried out far
enough to necessitate revisions in the drawings. But the designs of the
multiplier, function table, divider square-rooter, constant transmitter,

and printer were all influenced by our choice of complement system.

(A11) My work on complements which is described in the preceding four
paragraphs was done sometime in late 1943 or very early in 1944. There is
pasted in my Engineering Notebook Z16 a typed rough draft of a report
which has corrections in my hand. The title is '"Report for Project PX.

September 22, 1943. ACCUMULATORS AND TRANSMITTERS. " This report



explains the tens-complement system, and does not mentibn the nines-
complement system. But my work on complements was done before our
First ENIAC Progress Report (to December 31, 1943) was written, for
on page IV (23) of this report we discuss the niqes-complement system and

give reasons for adopting the tens-complement system.

(A12) On page 2 of the Preface of the First ENIAC Progress Report it
says 'In the month and a half following the date (December 31, 1943) of
this report, final wiring diagrams and construction drawings have been
prepared for most of the circuits not reported in detail here, and

!

construction of complete panels has been begun.' This was probably
intended as a statement about the first model of the accumulator, though
many of the accumulator drawings bear later dates. It is definitely not
true of any of the other units, as the dates of their drawings show. More=
over, many changes were made in the accumulator design after mid-
February, 1944, and some were made after the test of two accumulators
of the first model which began in about May, 1944. Indeed, several of the

accumulator drawings have '"semi-final revisions'' dated in the summer of

1945.

(A13) My second important contribution to the design of the accumulator
was made in about May, 1944. It was an electronic contribution, and in the
end affected circuits throughout the ENIAC. My discovery occurred in

the following way.
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(A14) After the diagrams for the first model of the accumulator were

drawn, Pres Eckert asked me to make a careful analysis of the accumulator
circuits to see if they were correct and to suggest changes that would improve
them. I distinctly recall making the following in‘lportant discovery. Each

of the program controls of an accumulator operated the common gate

circuits of that accumulator. The program controls controlled these gate

' There were a total of

circuits through vacuum tubes we called 'buffers.'
twelve program controls (eight ''transceivers'' and four simpler "receivers')
in the final design, though this exact number may not have been fixed at the
time. In one particular gating circuit there were twelve buffers (triodes)
operating in parallel with a common plate load resistor. This was a twelve
input disjunction: if any buffer was turned on, current would flow through

that tube and through the common load resistor, the latter current then

turning off a tube of the gating circuit.

(A15) By our rules, a tube was regarded as "'off" if only a small current
was flowing through it. In analyzing this circuit, and the different conditions
of its operation, I discovered that the small currents through all these
buffers, even when they were off, could add up to enough current to operate
the following tube when it should not operate. In other words, leakage
currents through this common resistor of the gate circuits might be sufficient

to partially operate the accumulator when it should not be operated, producing



incorrect results. I also saw that this buffer leakage problem would be
much worse in the high-speed multiplier, because it was to have many more
program controls. As finally designed and built the multiplier had twenty-

-

four program controls.

(A16) I mentioned this buffer leakage error problem to John Mauchly,

who agreed it was a problem. He then mentioned it to Pres Eckert, who
soon came to talk to me about it. (I remember this vividly, and I can still
remember the place in the ENIAC design room where I was working when
Pres came to talk to me about it.) Pres said that I was correct in seeing
that it was a problem. He said that to solve it we should '"overdrive" the
grid of the gate tube (bias it positively) by connecting it through a resistor
to a voltage higher than the cathode voltage. This overdrive (positive bias)
provided leakage currents through the program control buffers without

allowitig the grid of the gate circuit tube to go negative.

(A17) I will illustrate this solution by reference to Drawing PX-5-115
(Accumulator Cross Section). In the Receiver Plug-in-Unit, the lower
triode of tube number 62 drives point CPB, which goes to the grid of Gate
Unit tube G50. In the Transceiver Plug-in-Unit, the left-rhand triode of
tube number 61 also drives point CPB at the grid of Gate Unit tube G50.

Hence there are twelve tubes (triodes) driving the grid of G50. The leakage
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currents through all of these tubes add up, and might turn tube G50 off
when it should be on, causing an incorrect calculation. But this is
prevented by biasing the grid of tube G50 positively. The cathode of
this tube is at -385 volts; its grid is connected through L~pp toa 12K
resistor and thence to -375 volts, so there is a positive 10 volt bias on
this grid. The leakage currents in the eight triodes driving this grid do
not lower the grid voltage appreciably because of the positive bias or
overdrive. Hence these leakage currents will not turn tube G50 off when

it should be on.

(A18) Several groups of revisions are listed on drawing PX-5-115. The
second group is signed by me and dated 6/3/44. This gives a rough
indication of when I worked on the accumulator circuits. The next group
of revisions was signed by Robert Shaw on November 28, 1944, but it
covers an extended period. The first entry of the group is ''voltages
changed and resistors added to provide positive bias on grids''; it was
signed "JD" (John Davis) and dated '6/9". This shows when the circuits

of the accumulator were changed to introduce positive biasing on the grids.

(A19) Sometime later Robert Shaw and I measured the grid currents of
some tubes so we engineers would know how to design circuits with these

tubes that had the correct amount of grid overdrive. Two pages of my
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Engineering Notebook Z17 are devoted to overdrive measurements. The
heading "Overdrive Measurements'' is written in my handwriting and many
entries in the table are in my handwriting. However, other entries are not
in my handwriting. The dates 10/13/43 and 107/21/44 are given, the latter
occurring with the signature "R.F. Shaw'. The table gives the grid and

plate currents for various voltage values for tube types 6L6 and 6ACT.

(A20) This overdrive solution to the buffer leakage problem led to a general
improvement in the reliability of the ENIAC circuits. For we then saw that
the action of most tubes would be safer if we biased the grids so that when
on, they would be positive with respéct to the cathode. This positive bias

protected the circuits from spurious signals or "cross-talk''.

(A21) As a consequence of my discovery, we made a general design rule
applicable to the tubes used for switching in the ENIAC: their control grids
were to be biased or driven positively ("'overdriven'). This rule contributed
to the reliability of the ENIAC and thereby to its success. This rule and its
rationale are stated on pages III-1 and III-2 of our Second ENIAC Progress
Report (January 1, 1944 to June 30, 1944). The rule is not mentioned in

our First ENIAC Progress Report (to December 31, 1943).
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(A22) Summary: My first important contribution to the accumulator
included the complement system for handling negative numbers. We
began to design the accumulator on the basis of the tens-complement
system. We then learned of the nines-complerqent system and decided
it would be better. On my own initiative I analyzed its use in the ENIAC
further and discovered that our planned use of it would give us incorrect
round-off, and that it would be difficult to employ the nines-complement
system in the ENIAC. As a consequence, we returned to the tens-
complement system. This choice affected the design of the other units
of the ENIAC, particularly the multiplier.

(A23) Summary, continued: I discovered that when many tubes operating
as buffers were connected in parallel to operate a single gate tube, the
leakage currents through these buffers might operate the gate tube incorrectly.
Though I discovered this leakage error problem in the accumulator circuits,
the problem would have occurred in many other units, and would have been
particularly dangerous in the multiplier. Eckert said that to solve this
problem we should "overdrive' (bias positively) the grid of the gate tube.
This discovery of the buffer leakage problem and its overdrive solution, led
to a general improvement in the reliability of the ENIAC circuits, for we
then saw that the action of most tubes would be safer if we overdrove their

grids.



FUNCTION TABLE UNIT

(F1) Robert Shaw joined Project PX in September, 1943. His first work
involved the design and construction of test equipment, such as pulse
generators and oscilloscopes. He next worked on the logical and circuit
design of the function table unit. The general pattern of the design of this

unit had been planned by Eckert and Mauchly.

(F2) The function table units, of which we built three, were intended
primarily for storing mathematical functions used in a computation, such
as the numerical table giving the resistance of the air to a shell as a
function of the shell's velocity. There was a large portable function table
resistor matrix associated with each unit. It was a bank of nearly 1500
switches by means of which the programmers could change the inter-
connections of a resistor matrix. This part of the function table unit was
so bulky that it was built as a separate structure, called a "portable

function table. "

(F3) There were 104 "horizontal" lines into this matrix, corresponding
to the 104 argument values -2, -1, 0, 1, ..., 98, 99, 100, 101. There
were 124 vertical wires for two sign digits and twelve decimal digits. To
set a given function value into the resistor matrix, the programmer would
set the switches in positions corresponding to this value. Suppose, for

example, f(23) = 4357942. The programmer would set switches in the
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number 23 row of the table as follows: the PM switch at zero (for plus), the
next switch at 3, the next at 5, the next at 7, etc. In setting these switches
the programmer would be connecting resistors between horizontal and
vertical wires. When, for example, the number 23 was activated (i.e.,
had its voltage lowered), currents through these ’resistors would activate

inverters and then gates so that the number + 357942 would be emitted from

the function table in pulse form.

(F4) The two-digit argument value representing the "x" of "f(x)"" was to

be stored in two decades of an accumulator. The original plan for using the
information in these two decades was to use a direct current (or "gate'')
connection rather than to send digit pulses. Relatively slow output signals
("gates") would be taken from each stage of these decades and fed into the
function table unit, where they would be gated against each other to produce
a signal that would activate the correct horizontal wire (in our example,

wire 23) of the resistor matrix.

(F'5) The logical structure of the function table was complicated by the

fact that two-digit accuracy in the argument value of a function is usually

not enough. A more accurate function value may be obtained by 'interpolation,"
a computational process using a function value and its neighbors. Suppose

the machine needs the function value f(23.72). Rather than use f(23), it is



better to interpolate and use 28% of f(23) and 72% of f(24). An even better
value of f(23.72) can be obtained by making a calculation from the five
function values f(21), f(22), f(23), f(24), and f(25). We therefore felt it
necessary to design the function table unit so that it would provide any of

these values automatically when instructed to do so.

(F6) Each program control of the function table unit was to have an
"argument switch' which could be set at -2, -1, 0, +1, +2, to control
which of the function values f(x - 2), f(x -1), f(x), f(x+ 1), or f(x + 2) was to
be transmitted by the function table when that particular program control was
active. We needed a satisfactory circuit which would use this information

(-2, -1, 0, +1, or +2), together with the two-digit argument value x coming
from the associated accumulator decades, to select the proper horizontal wire

of the function table (x - 2, x -1, x, x +1, or x4+ 2).

(F7) Shaw's design problem was compounded by the fact that the function
table resistor matrix was very large and had variable connections. At each
point where a horizontal wire went past a group of 10 vertical wires, there
was to be a switch which connected a resistor from the horizontal wire to any
one of the ten vertical wires, thereby determining a digit value (0, 1, 2, ...,
8, 9). This made the parasitic signals of the matrix worse and more difficult

to handle than in the multiplier resistor matrix. To calculate the harmful
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effects of parasitic signals in the multiplication table, I had to consider
only the fixed connections of that small table. To calculate the harmful
effects of parasitic signals in the function table resistor matrix, Shaw

had to survey all possible tables formed by all possible switch settings

in this much larger table, find the worst case, and analyze it.

(F'8) Because of these difficulties in the design of the function table unit,
the tube types we were using in the accumulator were not adequate. Shaw
therefore carried out an experimental investigation of various kinds of
tubes to find some that would be suitable for the matrix drivers and matrix
output gates. He tested various tubes and measured their characteristics.
Since there was a large signal loss through the resistor matrix and high
distributed capacitances, he could not use pulse techniques (and hence
capacitively coupled circuits), and so he designed large "pile-ups' of DC-

coupled circuits.

(F9)  After Shaw had worked out a fairly detailed design, I went over the
circuits with him. He had analyzed the parasitic signals of the function

table resistor matrix in terms of what he had thought was the worst case,

that is, the worst combination of settings for the approximately 1500 switches
of the table. However, I found a case that was considerably worse. Hence

the design of the circuit had to be changed to accommodate this case.



(F10) My analysis of Shaw's function table design showed it to be marginal
in reliability; there was not enough power to drive the circuits safely.
Normally, we would have added another "layer'" of tubes, but in this case
there were difficulties. There were 104 tubes, and another layer would
have meant 104 additional tubes. There was not enough room to add that
many tubes, and we didn't want to allocate a third two-foot wide panel to
each function table unit. Using the results of his earlier investigations of
tubes, and perhaps making more measurements, Bob redesigned the

circuits so they were satisfactory.

(F11) I also suggested the dynamic method of shifting used in the function
table unit. I do not remember making this contribution but rely on Shaw's
memory of it. Bob Shaw and I met with Yuter in early August, 1964 to
discuss our contributions to the ENIAC. At that time Shaw told me he
remembered very distinctly my suggesting to him the dynamic method of

shifting.

(F12) In his letter to Sharpless, Yuter and me, of October 31, 1964,
Shaw described my contribution as follows. 'Kite's experience with the
multiplication table proved helpful, as previously noted, and for a while I
was hopeful that I could use his shift circuit designs in mechanizing the

function table interpolation feature. Tying these into the system, however,
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proved a bit troublesome, and Art came up with a very ingenious suggestion
for dynamic shifting, which involved the offsetting of connections by two
columns in tying the argument register outputs to the matrix, so that by
selecting anywhere from zero to four shift pulges and feeding them into the
argument rings after the argument was stored, it was possible to obtain any
of the functions f(x - 2), f(x - 1), f(x), f(x+ 1), or f(x+ 2). This

appreciably simplified the circuits." (PX 18,580)

(F13) Shaw's problem with the shifting circuits arose from the requirement
that the function table provide any of the function values f(x - 2), f(x ~ 1) ,
f(x), f(x +1), f(x +2) as requested by the setting of the argument switch.
How should he combine the two digits of information x in the argument
decades with the information (-2, -1, 0, +1, +2) set in the argument switch
so as to actuate the proper horizontal wire ()_c_- 2, X - 1, x, x4 1, x + 2)
into the function table matrix? Shaw had attempted to use a shifting circuit,
like that used in the multiplier, for this purpose. This required more

voltage levels and more tubes, when he already had too many of both.

(F14) 1 considered Shaw's problem and invented the following solution.
Instead of using direct current (''gate') signals from the two decades holding
the function argument x, we transmitted x from these decades in pulse form

to two counters in the function table unit. Then we offset the connections
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between the two argument counters and the horizontal lines of the table
matrix by two units so that when the counters stored the number ic,the

table matrix thought it stored x - 2. For example, when the argument
counters stored the number 23, the number 21 wire of the table was active,
corresponding to the function value f(x - 2). If the argument switch called
for f(x - 2), nothing needed to be done. But if the argument switch called
for a value other than f(x - 2), pulses were sent into the argument counters

to advance them accordingly.

(F15) I will illustrate my method with an example. Suppose a function
table control was set to transmit f(x), i.e., the argument switch was set

at zero (0). Suppose further that on a particular occasion when this control
was activated, the associated accumulator stored x = 23. The function
table program circuits first called for x, the two digits of x (2 and 3)

were transmitted from the argument accumulator into the argument counters
so that the latter registered 23, and the gate circuits activated wire 21 of
the function table. The function table program circuits then sent two pulses
into the units argument ring (since the argument switch of the active control
was set at zero), the argument counters advanced to 25, and the gate
circuits then activated wire 23 of the function table. This was the wire
which should be activated, since the function value f(23+ 0) or f(23)was

desired.
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(F16) My method of shifting was dynamic, in contrast to the static method

which was used in the high-speed multiplier and which Bob had tried to apply
to the function table unit. The dynamic method led to much simpler circuits

and fewer voltage levels in the function table unit.

-

(F17) My invention of the dynamic shifting method occurred sometime
between April 22, 1944 and July 31, 1944. Page 260 of my first Engineering
Notebook Z16 has notes of a meeting of the former date which show a block
diagram design employing a static ''selector-shifter'' as well as a selector.

This design is not satisfactory, because no provision is made for carry-over

from the units position of the two-digit argument to the tens position. On the

other hand, my dynamic shifting method was described in our second ENIAC
Progress Report (January to June, 1944 - written about July 31, 1944),
Chapter IV, pages 25 and 29, as follows: ''The basic design of the function
table has been altered in some fundamental respects (see Drawings PX-7-116,

PX-7-117, PX-7-118, which follow). The function selector (of about 140
tubes) which was to operate from the static outputs of two decades of the
argument accumulator has been replaced by two decade counters (see the
argument register circuits, Drawing PX-7-117). During the addition times
allowed at the beginning of the program cycle for the function table proper to
reach a steady-state condition, the two-digit argument is transmitted to the
decade counters. From zero to four pulses are then added into the units
decade tp give the value of the function or any of the four neighboring function
values (see the argument shifter circuits, Drawing PX-7-117). In addition
to saving tubes, this arrangement has the advantage that the argument need

not come from the adjacent accumulator, "
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(F18) Shaw supervised the drafting of the electronic design of the function
table unit. Most of the drawings were completed and checked by Shaw
during September, October, November of 1944. He then supervised the
construction of three copies of the function table unit. After they were
constructed, he carried out tests on them and supervised the modifications

needed to make them operate correctly and reliably.

(F19) Summary of Shaw's contributions to the function table unit: Shaw
completed the conception of this unit. Starting with the general design
principles of Eckert and Mauchly, Shaw worked out the logical and electronic
design of the function table unit. This included experimental work with
different tube types to find suitable vacuum tubes to drivé the function

table resistor matrix and to use as its output gates. Shaw supervised the
drafting of the function table unit and the wiring of three copies of it. He
carried out tests on these three function table units and supervised the

modifications needed to make them operate correctly and reliably.

(F20) Summary of my contributions to the function table unit: I invented
the dynamic method of shifting used in the function table unit. This led to
much simpler circuits and fewer voltage levels than the static shifting
circuits originally planned. My analysis of the parasitic signals in the
function table resistor matrix led to an improvement in the design of the
table and its associated circuits, greatly increasing the reliability of this

part of the function table unit.
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MASTER PROGRAMMER

(P1) I invented the fundamental organization of the master programmer.
This unit was to supervise the program controls of the other units, so to

understand it one first needs to understand these ''local" program controls.

(P2) Each of the ENIAC computing units (accumulators, multiplier,
function tables, divider square-rooter) and each of the input-output units
(constant transmitter and printer) had its own local program controls. A
program control operated in response to a program pulse received over a
program trunk wire. When a program pulse went into a program control it
flipped the flip-flop of that control. The flip-flop would in turn activate the
gate circuits of the unit, thereby causing the unit to execute the instruction

set on the switches associated with that program control.

(P3) There were two main types of program controls: transceivers and
receivers. A '"transceiver'' operated in conjunction with a counter so it

could be used to direct a process which took more than one addition time;

at the end of its operation the transceiver sent out a program pulse which
could be used to initiate the next instruction of the program sequence. A
"receiver' stayed on for only one addition time and did not produce a program
pulse output. These local program controls provided facilities for setting up

!

what are today called ''sub-routines.' Besides the program control unit



46

itself (transceiver or receiver), there were associated switches and
terminals for program pulses. Program controls could be interconnected
by means of program cables and program "trays" (trunks of 11 wires which

ran around the front of the machinel.

(P4) To set up a sub-routine on the ENIAC the programmer selected the
program controls to be used, set their switches so they would direct their
units to perform the desired operations, and interconnected the program
control input and output terminals so as to achieve the correct sequence of
parallel operations. He also had to establish the correct interconnections
of the digit inputs and outputs of the units involved by interconnecting them
with digit cables and digit trays. The use of local program controls is

illustrated by the following example.

(P5) Suppose that the ENIAC was being programmed to do a computation,
and that one step of the computation consisted of adding the contents of
accumulator 1 to the contents of accumulator 17. To instruct the ENIAC

to do this operation the human programmer would make the following
connections and switch settings. He would connect the program pulse
output from a transceiver which directed the preceding step of the com-
putation into the program controls of these accumulators, for example,

into transceiver 5 of accumulator 1 and receiver 2 of accumulator 17.



These electrical connections would be established by means of program
trays and program cables. The programmer would set the switches
corresponding to these program controls so as to direct accumulator 1
to transmit additively and accumulator 17 to receive on digit terminal
alpha (for example). Finally, the programmer would establish a digit
connection from the add output of accumulator 1 to the alpha digit input
of accumulator 17. The program pulse to direct the next step of the

computation would come from transceiver 5 of accumulator 1.

(P6) In this way one could program the ENIAC to perform a sub-routine

or sequence of operations, such as those needed to accomplish a single step
of a numerical integration. To solve a complete problem, such as computing
a single trajectory of a shell, it was necessary to execute this and other
sub-routines, each a certain number of times, and in a certain order.
Moreover, the number of times a sub-routine was executed or the order

in which sub-routines were executed might depend on the numbers being
computed. For example, we might want the ENIAC to stop integrating a

trajectory when the shell had reached the level of the ground.
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(P7) This last requirement would be accomplished today by means of a
conditional or branch instruction. We had planned to accomplish it by using
sign pulses from an accumulator and converting them intp program pulses.
Suppose accumulator 11 holds the height (y) of.a shell, and control is to be
shifted from one sub-routine to another when y becomes negative. Then the
add output from the plus-minus unit (PM) of accumulator 11 would not emit
any pulses when y was zero or positive but would emit nine pulses when y
was negative. These nine digit pulses could be taken to a "dummy' trans-
ceiver to produce a single program pulse. Hence each time a branch
instruction was to be executed, accumulator 11 would be instructed to
transmit additively, and if y was negative a program pulse would be emitted

from a certain terminal.

(P8) When we were designing the accumulator, the high-speed multiplier,
and the function table unit, we intended to have a separate central program
control unit to perform this supervisory function automatically. However,

we had given very little thought to how this unit would operate. I recall

going to John Mauchly;s home one Sunday to discuss with him and Pres Eckert
various basic problems of ENIAC design that yet had to be thought about and
solved. One of these was the question of how to design the central program

control unit, which we decided to call the "'master programmer. "
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(P9)  After this discussionl thought about the problem and invented a
.solution to it. The solution is best presented in terms of an example.
Suppose a program was to consist of a single execution of sub-routine A,

50 executions of sub-routine B, 100 executions of sub-.routine C, and then
one execution of sub-routine D. There were tt;en four program loops, each
with a program input and a program output. The problem was to design
circuits which could be used to combine these four sub-routines into a single

program. Such circuits had to be sufficiently flexible to handle program

composition in general.

(P10) My solution to this problem was to provide several master counters,
each operating in conjunction with a group of auxiliary counters. Each
master counter and its auxiliary counters would control a sequence of

local sub-routines. The auxiliary counters had a distinct set of switches
for each stage of the master counter, so the auxiliary counters could make

a different count for each sub-routine.

(P11) The program was initiated by sending a pulse into the input of sub-
routine é The output pulses from all four sub-routines went into an input
controlled by the master counter. The first output pulse would cause the
master counter to move to stage two, corresponding to sub-routine B, and
would also go to start sub-routine B. The outputs from B would be routed

back to E until § had been executed 50 times, and then the master counter



would advance to the next stage and start sending pulses to sub-routine C.
After C was executed 100 times the master counter would advance again,

send a single pulse to sub-routine D, and finally give out a 'finish'' pulse.

(P12) Moreover, this master counter would be advanced one stage when it
received a pulse as a special input, regardless of the state of the auxiliary
counters associated with it. When a conditional transfer to the next sub-
routine was desired, an accumulator and transceiver would be connected in
the way indicated earlier, so that a program pulse would be emitted from
that transceiver when the transfer was to be made. This program pulse
would go directly into the master counter and advance it to the next stage,

thereby causing the next sub-routine to be operative.

(P13) I discussed my proposed design with John and then with Pres and
they accepted it, so it became the basic idea of the master programmers.
The master counter just referred to was called a "stepper'' and the auxiliary
counters were called '"decades.'’ There were changes and improvements in
the design, though I don't remember exactly what they were. They probably
included the ability to switch decade counters from one stepper to another

so as to provide more flexibility in associating decades with steppers. They
probably also included the addition of direct inputs to decade counters, so

these could be advanced by pulses which produced no return (output) pulses.
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(P14) My design of the master programmer was conceived sometime
between the middle of February and July 31, 1944. For the design is not
described in our First ENIAC Progress Report (to December 31, 1943),
finished about the middle of February, 1944, _But my design is described
in our Second ENIAC Progress Report (January 1 to June 30, 1944) which
was written about July 31, 1944 (Preface). The description occurs in
Chapter IV, Section II ('""The Master Programmer"), pages 35 and 37-39.
It is stated at the beginning of Section II that "some of the work described

in this section has been done since June 30, 1944. "

(P15) Shaw carried out the logical and electronic design of the master
programmer. He then supervised the drafting and construction of the
master programmer. Most of the drawings were finished, and checked

by Shaw, in the last three months of 1944, After the master programmer
was constructed, Shaw programmed it, tested its operation, located errors,

and supervised the necessary circuit corrections and modifications.

(P16) Summary of my contributions to the master programmer:

The master programmer was to govern, in an automatic manner, the sub-
routines set up on the local program controls of the ENIAC units. Mauchly,
Eckert and I met one Sunday to discuss some baéic design problems which

had not yet been Solved. One problem was: how should we design the
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master programmer so it would perform this supervisory function auto-
matically? After the meeting, I thought about the problem and invented

the fundamental organization of the unit. A sequence of local sub-routines
was to be governed by a master counter operating in conjunction with a
group of auxiliary counters. We later called the master counter a ''stepper"

and the auxiliary counters ''decades."

A group of decades had associated
with it a distinct set of switches for each stage of the stepper, so the group

of decades could make a different count for each sub-routine.

(P17) Summary of Shaw's contributions to the master programmer:

Shaw completed the conception of the invention of this unit. Starting with
my general design plan, he worked out the logical and electronic design

of the master programmer. He supervised the drafting, wiring and

testing of it, and also the modifications needed to make it operate correctly

and reliably.
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DIVIDER AND SQUARE-ROOTER

" (D1) The divider was the last ENIAC unit to be designed and constructed,
though its general mode of operation was decided on by Eckert and Mauchly
fairly early. Division was to be accomplished by repeated subtraction,

with numerator, denominator, and quotient being stored in accumulators.
The denominator was to be shifted back and forth between two accumulators;
this made it unnecessary to build shifting circuits (like those used in the
multiplier to shift the partial products). Thus, in contrast to the high speed
multiplier, the divider was not to perform many arithmetic operations itself,
but was to be mainly a control unit, controlling the operations of various
accumulators. Later it was decided to have the unit also do square-rooting,
which can also be accomplished by a process involving repeated subtraction.

The name of the unit was then changed to 'divider-square rooter. "

(D2) I was given responsibility for the design of this unit. Chuan Chu,
who had recently joined the ENIAC project, was assigned to help me. He
worked out the logical and electronic circuit design under my direction.

The actual design turned out to be quite complicated. This resulted from
the fact that there were many different things that the divider square-rooter
might be doing at each step of its operation. To show this, I will explain

the division process in more detail.
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(D3) For division, the numerator and denominator were each stored in
designated accumulators, and an accumulator was provided to store the
quotient. The divider square-rooter sensed the signs of the numerator
and denominator and acted on the basis of this sign information. Assume,
for example, that both numerator and denominator were positive. The
divider squére-rooter ordered the denominator subtracted from the
numerator until there was an overdraft, and for each such addition sent

a "one'" to the quotient accumulator in the correct decimal position. The
divider square=~rooter then shifted the remainder (i.e., the balance left
in the numerator accumulator) one place to the left by ordering it sent to

the shift accumulator (over a cable with shifted wires) and returned.

(D4) This process was then repeated, except that now the divider square=-
rooter ordered the denominator added into the numerator accumulator, and
sent minus one to the correct decimal position of the quotient accumulator.
This alternate subtraction and addition of the denominator made it unnecessary
to restore the numerator after overdraft, as is required in the usual form of
division by repeated subtraction. I think this idea came from John Mauchly.

It reduced the time required for division and simplified the circuits which
controlled division. The divider square-rooter directed a similar process

for square-rooting.
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(D5) The divider square~rooter had a unique program control feature, not
used on the accumulator, multiplier, or function table units. This was a
program interlock. As Irecall, Pres Eckert suggested that we design

the program controls of the divider square-rooier to include this feature.
When the programmer set up programs on the other units just mentioned,
he always knew how many addition times they would take to perform the
instruction he gave. This was not so for the divider square-;rooter. for

its operation time depended on the numbers involved. To make it possible
for the ENIAC to do other operations in parallel with division or square=-
rooting, each program control on the divider square-rooter had two inputs;
the normal input (which started division or square=~rooting) and an interlock
inpute When its interlock feature was used, the program control did not
give out its output pulse until the operation was completed and a pulse had

been received on its interlock input.

(D6) After Chu worked out the logical and circuit design of the divider and
square-rooter, he supervised the drafting and wiring of the unit. Finally, he

tested it and corrected its defects. In these activities, he worked under my

general direction.

(D7) Summary: The general mode of operation of the divider and square-

rooter was decided on by Eckert and Mauchly. Under my direction, Chuan

Chu worked out the logical and electronic design of the .unit, supervised the

drafting and wiring of it, tested it, and corrected its defects.
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CONSTANT TRANSMITTER, PRINTER
AND CYCLING UNIT

(C1) The constant transmitter and the printer were the input and output
units, respectively, of the ENIAC. Both units used electromagnetic relays
as well as vacuum tubes. The constant trans'mitter received signals from
an IBM card reader, and the printer transmitted signals to an IBM card
punch. Shaw did much of the design work for these units, following the

general pattern of design developed by Eckert and Mauchly. Shaw was in

charge of testing and debugging at least the electronic parts of these units.

(C2) 1 definitely recall that Shaw worked on the input-output part bf the
ENIAC, that is, on either the constant transmitter or printer or both.
However, I had much less to do with these units than with the rest of the
ENIAC system. In the preceding paragraph I rely on Shaw's own statements
concerning the extent of his contributions to the input-output units. In his
letteri of October 31, 1964 to Sharpless, Yuter, and me (PX 18, 580), Shaw
says ''The constant transmitter, including the electronic circuitry associated
with the data circuits of the card reader, was my next project, and proceeded
fairly quickly as a result of experience gained with the function table and
master programmer design. Finally, I designed the data circuits for the

!

card punch, which presented no particular problems.' The card punch was

an IBM machine which operated in conjunction with the printer. Later in



57

the same letter, Shaw continues, ''After construction of the function
tables, master programmer, and other units for which I was responsible,
I carried out tests on the completed units, making various small modifica-

tions which proved necessary to assure proper and reliable operation. "

(C3) The cycling unit was the basic electronic clock of the ENIAC system.
We planned to operate the ENIAC at a basic pulse rate of 100, 000 pulses
per second (or 10 microseconds per pulse), though we designed it so that

it would also operate correctly at a slower rate. Each pulse was about two
microseconds wide. The cycling unit was to provide a basic ''frame'' of
pulses and gates. The frame was changed during the course of and as a
result of our research. In final form it consisted of nine different sequences

"carry-clear gate', which lasted seven

of pulses and one longer signal, the
pulse times (70 microseconds). Each of these nine pulse sequences and the

carry-clear gate were sent around the ENIAC on separate wires, from which

they could be taken by the various ENIAC units.

(C4) The relative timing of these signals was very important for the
correct operation of the ENIAC. For the ENIAC was a highly parallel
machine, in which many units operated at the same time, sending numbers
and program pulses to each other. The cycling unit signals synchronized
these operations. One of our fundamental design rules was to use the

cycling unit pulses wherever possible. Pulses were not to be generated
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from within a unit; when a pulse was needed an appropriate pulse from the
cycling unit was to be gated. This prevented the repeated degeneration of
pulses in size, shape, or phase, and contributed to the reliability of the

ENIAC. I think this rule was due mainly to Pres Eckert.

(C5) The temporal operation of the ENIAC was organized on the basis of
an'addition time'" or the time required to perform a single addition. This
consisted of twenty pulse times: ten pulse times to process a single decimal
digit and ten more pulse times for handling carry-over, transferring

program signals, setting up switching circuits, etc. Hence, a normal
addition time lasted 200 microseconds. If the basic pulse rate was decreased,
an addition time lasted longer. Each addition time, the cycling unit

repeated the same frame of nine pulse sequences and the carry-clear gate.

(C6) Besides its normal mode of operation, the cycling unit (and hence
the whole machine), had three other modes of operation. These were
useful when the machine was not operating properly or the program was
incorrect. In the first mode, the basic pulse rate was less than 100, 000
pulses per second. The machine might not operate correctly at the
standard rate, but for electrical reasons might operate correctly ;\t a

slower rate, in which case this mode was used.
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(C7)  The cycling unit could also operate in a "one-addition time'' mode
and a "one-pulse time' mode. In these modes, whenever the operator
pushed a button, the machine would perform for one addition time (or one
pulse time) and then stop. An operator or mdintenance man could then
examine the state of the machine by reading neon lights attached to counters
and flip-flops or by measuring direct-current signal voltages at crucial
places in the circuits. The one-addition and one-pulse time modes of
operation were very useful in finding circuit mistakes and faults and also

in locating errors in the program.

(C8) When Shaw and I met with Yuter in early August, 1964 to discuss

our contributions to the ENIAC, Shaw said that Sharpless conceived the
one-addition time and one-pulse time modes of operation of the cycling

unit. I do not remember this, and now wonder if Shaw remembered this
correctly. These two modes of operation were described on pages IV (17)
and IV (18) of our first progress report, '"The ENIAC (Electronic Numerical
Integrator and Computer) Volume I, A Report Covering Work until
December 31, 1943; .submitted in accordance with Contract #W-670-ORD-
4926." This report was written about the middle of February, 1944, and

I do not recall whether Sharpless had worked on the cycling unit by that time

or not.
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(C9) In all modes of operation, special as well as normal, the cycling
unit had to produce pulses of standard size, shape, and strength so that
the units would operate correctly. Moreover, these signals had to be
strong enough to pass around the whole machine with little attenuation

and loss of shape, so they could drive the circuits of the various units.

(C10) Two prototype accumulators were designed and constructed during
the first year of Project PX. To test them we needed a small prototype
cycling unit. This was built by Sharpless, working closely with Eckert.
It operated successfully and the two accumulators and it were tested in
the summer of 1944. The design of the accumulator was modified con-
sidergbly as the result of this test. Valuable experiencé was gained with
the cycling unit, but we recognized that much work would have to be done
before we would have a cycling unit adequate for the whole machine. For
one thing, the power requirements for the frame of pulses and gates would
be much greater for the whole machine. Moreover, as we gained more
experience we changed the specification of the frame of pulses and gates

to be produced by the cycling unit.

(C11) Sharpless built a full-scale prototype of the cycling unit and after
considerable experimental work, got it working. This worked well enough
to test the whole ENIAC. On the basis of what he learned from this full-

scale prototype, he designed the final version of the cycling unit. In
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developing both of these units he was guided by Eckert, and Eckert
sometimes worked on the cycling unit when Sharpless was not there.
But there were long periods when Sharpless worked without consulting
Eckert. Sharpless was also responsible for the final testing of the

cycling unit and for making it work correctly.

(C12) Summary of Shaw's contributions: Shaw completed the conceptions
of the constant transmitter and the printer, following the general patterns
of design developed by Eckert and Mauchly. Shaw was in charge of testing

these units and correcting their defects.

(C13) Summary of Sharpless' contributions: Sharpless, working with
Eckert, completed the conception of the cycling unit. This unit was the
basic electronic clock of the ENIAC. It provided nine different sequences

of pulses and one gate; these signals were used to synchronize the operation
of the different ENIAC units. Sharpless worked out the electronic design of
the cycling unit, supervised the drafting and wiring of the unit, experimented

with it, and modified it so that it worked correctly.
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e  MOORE SCHOOL o~
OF ELECTRICAL ENGINEERING

Harold Pender, Dess

September 27, 1944

" Dear Dr. Burks:

Wle expact to make application for U.S. patents on all novel
.-apparatus and their arrangements of any value to an electronic or high-
speed electromechanical computing machine., ‘le may also patent uses to
which the instrumentations muy te put other than computing uses, However,
our nain purpose will be to protect the government'!s interest in the ENIAC
and any of its future computing devices or associated ejuipnent,

The patcnts must be taken out in the name or names of the inventor
or inventors in order to be valid. In order that we fulfill this require-
ment and so that we may not have any future misunderstancings, I would
appreciate it if you would write out any clzims you feel entitled to and
subnit the: to Dr, llauchly or myself,

This, of course, only covers developments to date, so that if you
do not have any such claims at present, plcase give us a stutenent to this
effect in the assurance that this does not affect your future position,

Very truly yours,

7. fbea/z«&/ﬁwfﬁ‘

Q’. P. Ec‘(ert, Jl'.

*,

Dr. Arthur W, Burks
Loore ochool
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July 24, 1984

T —— e

Mr. Robert F, Shaw
569 Bayville Road
lloc“t van‘y. Lo !o [ ] No Yl

Re: ENIAC
Dear Bob:

In connection with your investigation to determine whether
you may be a joint inventor of the ENIAC, the following quotation
may be of interest, It is from De Laski & Throop v. Willlam R,
Throop & Sons, 218 Fed, 488, 464 (1914), aff'd, 226 Fed. 941

r. 16).

"In order to constitute two persons joint
inventors, it {s not necessary that exactly the
same idea should have occurred to each at the
same time, and that they should work out together
the embodiment of that idea in a perfected machine,
The conception of the entire device may be due to
one, but if the other makes suggestions of practical
value, which assisted {n working out the main idea
and making it operative, or contributes an
independent part of the entire invention, which is
united with the parts produced by the other and

~ createa the whole, he is a joint inventor, even
though his contribution be of comparatively minor
importance and merely the application of an old
idea, (Citing cases.)"

Sincerely,

SCY:d
cc: Mr, Kite Sharpless
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\ July 34, 1964

Mr. Robert F. Shaw
569 Bayville Road
Locust van‘y. L.1. 0 N. Y.

Re: ENIAC

Dear Bob:

In connection with your investigation to determine whether
you may be a joint inventor of the ENIAC, the following quotation
may be of interest. It {8 from De Laski & Throop v. Willlam R,
Throop & Sons, 218 Fed, 458, 464 (1914), aff'd, 226 Fed. 041
(3 CIr. 1916).

"In order to constitute two persons joint
inventors, it {s not necessary that exactly the
same idea should have occurred to each at the
same time, and that they should work out together
the embodiment of that idea in a perfected machine,
The conception of the entire device may he due to
one, but if the other makes suggestions of practical
value, which assisted in working out the main idea
and making it operative, or contributes an
independent part of the entire invention, which is
united with the parts produced by the other and

~ creates the whole, he {8 a joint inventor, even
though his contribution bs of comparatively minor
importance and merely the application of an old
idea, (Citing cases,)"

Sincerely,

SCY:d
cec: Mr, Kite Sharpless




1413 Morton Avenue
Ann Arbdbor, Michigan

chnour Yuter
407 Cedar Drive Vest
Briareliff Manor, Hew York

Robert Shaw

mg g&z??tg, Hew York
630 Walnut Lane
Haverford, Pemmsylvania
Gentlement

I give below a 1list of contributions that Bod, Kite, and
I made to the ENIAC, This is the list that Bodb and I drew wp
last Sunday, except that in my own case I have thought about
the matter further and ad<ed to my 1ist. I thought it desirable
to do this since I will be out of the eountry until September 5,
Bob should think further ahout wvhat his contributions were, In
Kite's case the list gives only what Bob and I recall an?d is
nmeant primarily as a stimilus to te's memory.

Hereafter, the notion "completion of concept"” includes
bhoth logical an? electronic desirm, supervision of construction
and testing, anéd deeldins on the modifications to be made in
order to make the equiyment oserntive, TFor example, when the
multinlier was first opercted I discovered that the resistor

matrix used as a multislication table d4id not tale account of

PX 17666
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the faet that we were using a complement system at that .taé
of the circuitry, and I sav that the matrix was revired,

Itahwldh.notodforthor.mdﬂmtthchlicmopta
and problems were due initially to Eckert and Maushly, and that
Eckert, and to some extent Mauchly, directed the work of Shaw,
Sharpless, and Burks, ’

Sontrilutions of A. . Purks

Completion of the concept of the multiplier, using the
results of Sharpless’s experimental work,

Completion of the concept of the divider-square-rooters
directed Chuan Chu, who carried out many of the details.

Master programmer: suggested original idea of using
auxiiary comnters or groups of counters for eombining sub-
sequences into complete prograns. The general problem wvas
raised in a private discussion of various problems concerning
the Aevelopment of the ENIAC§ this discussion was held by
Eckert, Mauchly, and me at Mauchly's home omne Sunday. After
the discussion I thought about the problem and eame wp with
this idea, discussins it first with Mauchly and them with Ecvert.

Accumulators One day I was going over the circuit dlagram
of the accurmulator to sec if it would work. I am not sure when
this was, but it was probably after the design of the accumu-
lator used in the two-accurmlator prototype was frozen. In
thinking about the oper#ion of the accumulator the following

PX17666
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oscurred to me, The asowmlator gate circuitry directed the
operation of the acoumulator, This gate eireuitry was in turn
eontrolled My any one of a number of transosivers or rescsivers.
The mechanism of this eontrol was disjunctive, with a resistor
in the gate cireuitry through whiech current could de drawn by
any transeeiver or receiver; this current would in turn operats
a2 vacumm tude in the gate e¢ircuitry. The number of transceivers
and receivers was significantly large; in the end there were
eight ef ths former and four of the latter, though these mumbers
may not have been frozen at the time. It ocourred to me that
the lealkage eurrent through this common resistor of the gate
eirenitry might be sufficient to operate the accumlator when
no eontrol (transceiver or receiver) was on, Indeed, in terms
of the design eriteriall we erployed, the circuit was not safe,
The prodlem was worse in the multiplier, wvhere there were twenty-
four transoeivers, I mentioned this problem to Mauchly, who
mentioned it to Eckert, and Eekert agreed with me., The problem
was solved Yy putting a blas voltage on the resistor of the
gating circuitry so that even if the lenking current were
maximal the acowulator (or multiplier) would not operats unless
a transceiver or receiver were on, I think this general
technique may have been used elsewhere, but I am not sure. 7This
incident is rather vivid in my mind for the following reason,

I had earlier worked on the magnetiec coil for mine sweeping and
an the parabdolic antennae for radar. I had also worked on
comnters for the ERIAC, But this accumulator suggestion was the
first electronic idea of importance that I had had,

PX176(6
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% also vorked on the problem of vhat complement system to
use in the ENIAC, This involved the multiplier as well as the
ascwmlator, of courss. It also involved the divider, tut we
aidn't werry about that mnit at thes time we selected the comple~
ment system for the machine, We originally decided em the tams
ecmplement system. Then we took a trip to Aberdeen to discuss
the ENIAC. I was along, and Mauchly was, as I recall, I think
we had discussions with Cumningham of Aberdeen, We learned of
the nines eomplement system, vhich vas used in seme INM machines,
There were discussions and eonferences at the Moore School
after wve returned, and we decided to use the nines system,
though this involved changing diagrams, and perhaps wiring. I
eontinmued to think about the prodlem and work out exsmples, I
discovered that the nines system, as embodied in our proposed
design of the moment, would lead to errors vhen our round-off
system wvas used, There were further conferences, mainly ameng
Eckert, Mauchly and me, We decided to return to the tens
system, It is possidble that our treatment of round-off was
different after the return from what it had been before, but 1
am not sure,

Fanction tables suggested the use of a dynamic method of
interpolation instead of the static method of shifting as used
in the multiplier. |

At one stage, Sharpless and I were responsible for the
coordination of the entire system to insure compatibility., We
ehecited the logieal and electronic design of most of the units
to nake sure they were correct internally and to malke sure that

PX17666
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the wnits interacted eorrectly, both logically and electrenieally,
¥We made warious suggestions for change of design. As I reeall 1it,
Shev and I went over the fumction table together, and Sharpless
and I went over the rest of the wmits together,

I had the first program drawn wp for the ERIAC. The student
who 414 it vas Donald Fmt, He nov teaches eleetronics in New
Yerk, at Brooklyn Polytechnic Institute, I believe.

T participated in the development of the overall system
design. There were many sessions with all of the engineers,
snd I partieipated in many discussions with Bekert and Mauehly,.
For example, I participated in diseussions and decisions about
the pulse sequences of the eycling unit, A frame of pulses had
to de designed that would be satisfactory for the asceumlator,
the multiplier, snd the function table, Topies discussed were:
mm&mmnmtwmmgmmumhtorinm
worst case of twenty deecades, hov much dslay wvas needed for the
set-up of the multiplier shifting eireuits, how much delay was
needed for set-up of eontrol gate eireuits after the program
pulse was received by a receiver am transceiver, etc. I studied
the multiplier circuits with this in nind and made sugrestions,
and perhaps I studied other units also,

Sontrilmtions of 1. K. Jharpless

Completion of conespt of cycling unit, ineluding experi-
mental work on two preliminary models and the final nmodel, The

PX1766 6



6.

first model was the ¢cycling unit of the two-accumlator proﬁo—
type, and Sharpless worked on this model when it was part of
this two-secumulator ocmputing system. Conoceived of the ane
pulse and one addition mode of operation of the ENIAC,

Built and experimented with prototypes of the funection
table snd the shift eirecuits of the multiplier,

Contribution to counter econtrols suggested use of signal
derived from a partiocular stage of a counter to control its
elearing, Perhaps suggested the eircuitry used for clearing a
decade selectively to either O or 1,

Worked on the coordination of the entire system to insure
compatidility, Ses the deséription of this item wnder Burks.

Played an active role in testing and completing the two-
aceumulator prototype.

Perhaps worked on the initiating wnit,

Sontridutions of Robert F. Shax

Campletion of the concept of the funetion tadble. Built,
tested, and modified prototypes of parts of circuitry. Swer=-
vised testing of tudes to determine suitability and develop
standars for pile-wps of eircults,

Completion of the concept of the master programmer.

Did eard reader pulse circuitry and lopicel design, Did
constant transmitter circuitry and logical design. Did electronics
of the punch eirsuits,
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mmmmmumumsammammua
tadle as a pregramming deviee,

Bob and Kite should use these lists to think out their
econtributions in further 46tail and, in Kite's ecase, possibly to
add other units he vorked on., I will continue this letter now
with ss¥e materials that are relevant to our case.

Shawv, Burks, and Sharpless approved and/or checked many
drswings, both eireuit drawings and block dlagrams (logical
&ravings). They alse wrote progress reports. DBurks edited
most reports. Adele Goldstine vrote the final reporty as far as
eireuit design and logieal design are concerned, she just used
the earlier reports. The appliecation for the ENIAC patent
sesms to be mostly a compilation of these reports, except of
eourse for the elaims., These claims were clearly written with
the EDVAC, and von Newmamn's use of the ENIAC function table
for automatie programming, in mind,

The ENIAC was & large system and its design and eonstruc-
tion were a team effort, The characteristics of the whole
systen were dependent on the characteristies of its units, and
vice versa. Hence, in designing a init one had to keep in
mind the whole system., The rules governing the whole system
had to be held in mind since the systemias constantly changing,
and vas developed over a long period, and the drawings lagged

behind
pthe design and sonetimes even the construction. There were

X176 66
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-wwm'nm‘dndoummmmuimm‘
diseussions, perhaps had the girls change the wiring, and only
later wdated the drawings. There vere few if any cases vhere
we were given completed drawings to work with. There were no
sases vhere we were given cormpleted drswings of whole wnits
(8+8+y accmmlator) or even of substantial parts of whole wnits
(eegey the multiplier shift ecircuits) and told to Puild and test
from there,

I made more than onectechnieal trip to Aberdeen with others
(prineipally Eckert and Mauchly) to discuss technical arrange-
ments of the ENIAC. There were also visits from Cunningham to
the Moore School. I participated in discussions with Msuchly,
Rademacher, and Goldstine concerning Radenacher's research into
round-off and truncation errors. This problem was given to
Rademacher in the hope that we could base our decision on the
mmber of decimals needed on his researches, but his results
eame too late for that.

I had very little notion of what ideas were or wvere r.ot
patentable at the time, I wonld have thought that the use of
vacuum tubes to realize truth-fimctions was in principle
patentable, A paradign case of what I would have thought
patentable on the ENIAC was the use of the cathode resistors
(1640 ohms abhd 19,4K in Fig., 1 of my IRS article) of the
decade ring counter in such a way as to deter twvo flip-flops

from dbeing "on" at once,
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My wife Allee (313-66-2-9630) has my itinerary, and I am
sending Seymour a list of my Xuropean addresses,

Sincerely yours,

mw. Burks
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569 Bayville Road .

 Looust Valley, N. Y. 11560
October 31, 1964 o

Dr. Arthur W. Burks . ~ . 4

1413 Morton Avenue

Ann Arbor, Michigan

Mr. T. Kite Sharpless
629 Walnut Lane C
Haverford, Penna.

S. C. Yuter, Esq,
485 Lexington Avenue
New Xork 17, N. Y.

Dear Art, Kite, and Sy:

After rather lengthy delays I have finally put together on
paper my recollections of the development of the ENIAC and the
contributions made to it by thex various people involved, with
~particular reference to those of Art, Kite, and myself. ‘

My own connection with the ENIAC project began about the
middle of September, 1943. At that time Harry Gail and I joined the
project after having taught in a Navy Department school for inspectors
_ of radio equipment. To the best of my recollection the project at

that time was still in its very early stages, with investigations in
progress on design of reliable flip-flops and ring counters, and
" investigation of suitable tube types for these and for related
circuits such as amplifiers and gates. Work was also being done
on design of pulse drivers which would be suitable for a cycling
unit to time the entire system. I belleve the work on rings and
~ flip-flops was being done mostly by Frank Mural and Jack Davis

" under Pres Eckert's direction, and the work pn pulse drivers by

N "

Kite. /

/ .
My first work, along with Harry GailJjand with some assistance

from Joe Chedaker (whose duties as purchasiiig agent later occupled

his time to the practical exclusion of teéhﬁical work), involved

the design and construction of test equipmént such as pulse

generators and oscilloscopes. ' M ‘

L)y jv_"',' , .

Some time during this period i“rpcall that Kite was beginnlng
to develop circuits for the multiplier, and built prototypes (which
I seem to remember were at the time hopefully to be used in the _
-final machine) of the multiplication table and shift circuits. As -
work on the rimgs and flip-flops progressed, Frank and Jack proceeded to
put the resulting circuits together with others, under Art's and
Pres's direction, into what finally became the accumulator.

=l

e .
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.VM’,»7£§;;;:;§ Kite, also working with Artiand Pres, further

o <~ oped the cycling unit, and whenever:he had time continued work
' ;wﬂ“"gg the multiplier. As an important tesé‘kﬁs'ﬁo be made using two
accumulators and a oyeling unit, the latter kot priority over the

multiplier.

Upon completion of the test equipment, my own efforts shifted
to design of the function tables. Kite's experience with the multiplication
table proved helpful here, but it was necessary to go considerably
further in circuit design, since much larger resistor matrices were -
involved. Therefore I carried out an investigation of various tube
types to determine suitable driving circuits for the tables, making
Exixx tests on 6L6 tubes and later on 807s, as they had essentially
similar characteristicé to those of the 6L6 but were designed for
higher voltages. | : |

Having settled on 807 drivers (particularly in view of the fact
that ny tests had shown that their soreen control characteristiocs made
them adaptable to screen gating), and having adopted 6AC7 tubes for
output amplification (because of their short grid base and high
perveanceg, I had to design stiitable overall circuits. Because of
the large attenuation through the matrix, and the high distributed
capacitances\which made pulse techniques and hence capacitively
coupled circuits unsuitable, I had to design rather large pile-ups
of DC-coupled circults, as a result of which the function table had
the widest range of DC power supply voltage requirements in the
ENIAC, and several supply voltage levels had to be added to those
reuired by other units. The idea of the use of bias voltages to
counteract the effects of leakage currents, suggested by Art in
connection with the accumulator, proved helpful in the function
table, which also required a careful analysis of the effects of
parasitic signals in the matrix. I recall making such an analysis to

»# determine the worst combination of switch settings, s0 that the
worst case could be provided for.

I was able to adopt several standard units (transceivers,
repeater, etc. .) for funotion table control; these had meanwhile
been developed for the accumulator. Kite"s experience with the
multiplication table proved helpful, as previously noted, and for
a while I was hopeful that I could use his shift circuit designs
in mechanizing the function table interpolation feature. Tying these
into the system, however, proved a bit troublesome, and Art came up with
f a very ingenious suggestion for dynamie¢ shifting, which involved the
: offsetting of connections by two columns in tying the argument register
| outputs to the matrix, so that by selecting anywhere from zero to four
shift pulses and feeding them into the argument rings after the
argument was stored, it was possible to obtain any of the functions
f(x - 2), f(x - 1), £(x), fxxex2Pxxmextfxxex2¥.f(x + 1), or £(x + 2).
This appreciably simplfied the c¢ircuits. :

-2.. .
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- After completihg the function table design and turning it over

to production, I went on to the design of the master programmer,
using the broad concepts laid down by Art, again with Pres offering
helpful suggestions. As a high degree of flexibility in assoclating
decade counters with steppers was desired, it was necespary for me

to work out in detail the switching circuits and switch designs which
would produce the desired results, always taking into acecount such
factors as the effects of varying loads on the tubes. In order to

"handle this situation the master programmer used what was to the best

of my memory the only multiple coincidence (parallel-tuhe) gating
circuit in the ENIAC; as these ciroults were DC-coupled, they led to
they led to DC voltage pile-ups similar to, but somewhat less extensive
than, those in the function tables. Thus I was able to apply
techniques developed in the function table design and fit the circuits
into the already-established pattern of power supply voltages.

The constant transmitter, including the electronic circuitry
assoclated with the data circuits of the card reader, was my next
project, and proceeded falrly quickly as a result of experience gained
with the function table and master programmer design. Finally I
designed the data circults for the card punch, which presented no

particular problems.

Meanwhile the two-accumulator system had been thoroughly
tested and led to certain modifications in units such as transceivers
which were also used elsewhere, and changes and additions in power
supply voltages. Also, Kite had completed the multiplier design and
turned 1t over to production. With several people working in
parallel it became quite important to assure overall compatibility of the
system. This job fell to Art and Kite primarily, although I worked
with Art in checking over the function table and other circuits. I
became involved in another way with the compatibility survey through
follow-up of changes and corrections, partly in production but especlally
in having drawings brought up to date. As I had become familiar with
practically all the basic cirouits in the system in the course of my
design work, I found it easy to spot errors and omissions in drawings
and have them corrected; thus my initials appear on a majority of the circuit
drawings, either on revision notes or on final checks or approvals,
or both.

The divider unit was started rather late in the program, with
Chuan Chu working on the design under Art's direction.

After construction of the function tables, master programmer,
and other units for which I was responsible, I carried out tests on
the completed units, making various small modifications which proved
necessary to assure proper and reliable operation. Kite did the
same with the final model of the cycling unit, which had to be
in operation before other units could be tested, and later with the
multiplier and initiating unit. The testing of the function tables and
especially of the master programmer required me to set up test programs |
in which these were used in conJunction with accumulators.

-3-
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‘ As soon as a reasonable number of units were in operation,
‘zArt, John Mauchly, Herman QGoldstine, and others also began to set up
test programs to check the ability of the system to perform its
intended operations. We all discussed certain of these programs from
time to time, and among other things the use of data signals to '
control the program was discussed and tried, leading naturally to

. use of the function table for the same purpose. ‘

S "Each of us wrote reports describing the construction and operation
of the major units for which we were responsible, and Art edited and

- coordinated these reports (incidentally acquiring the nickname -

"Author" Burks). These reports became the basis for the final raport,
which in turn appears to have formed the bagis for the specification
and drawings or the ENIAC pacont. ,

' In compiling the above I found 1t eaaier to set down my
recollections in the form of a brief history of the project, even .
. though the contributions of the various people are not so neatly -
'~ summarized as they are in Art's letter of August 1ll. I have gone
- through that letter carefully and rind nothing in 1¢ to which I can

. take exception.

’ Beut resarda,-

' Robert F. Shaw

- pxss



Kovember 27, 1964

T. Kite Sharyless
629 haluut Lane
liaverford, Pennsylvania

Robert Shaw
0ld Poverty Road
Southbury, Conuecticut

5. Go Yuter

435 Lexington Avenus
Hew York 10017, Wew York

Dear hite, boh, and 0y

1 have studied BoL's latter of ictover 31 carefully. It jogued
ny wemory and 80 I will mske & few comuents.

At the bottom of jage one it is stated:?

As vwork on the rings and flip-floys progressed, Frauk
and Jach procevdsd to put the resulting circuits
topether with otaors, uander Art's and ires's ulrection,
into what flaally becane the accusulator,

My memories on thls joint are rather vague, 1 Ju recall wirlhing suwé

on the accumulator at this staeje, but I dun't recall pluying as strong
& role as tiis formulstion sugqests, Ian auy case, wost of the direction
rust have come from P'res., 1 think he supervised tao accunulator sure
closely tian he supervised uny other unil. 1T was tie Tirst unit to

be desirned, and there vwere to b far sore of Ther Lhan auy otier unit,

Page 4, parayrach i, sentence 1: [ <on't taink I over worked
oh tik CyCling umit, in the seuse of keliing to desiygn or construct
tue circuits; [ did hove & heuid in the dovisn oy Tw tvace ofF the
cycling unit pulses,

Fage 2, parupreph i, sentence 2: As 1 recall it, wite did very
little uorf o the Yozicel desion of the wultipller aiter I entersd

the victure, e bad done the exjeriueatal work on & crossesection of
the royosed circuitry, from the ;laces counter threuth the multiclicr
selector, tie wultiplicutien table satrix, tie rulti;lacand sclector,
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ani the shifters, omvone had done design work on the multijplication
table matrix, #hon 1 received this nmatrix design it was supposed to
be correct, but I discoverad when the nultiplier first operatoed that
tils desizn did not provide nine pulses for the output corresponding
ta "zero%, 3since ws werv using a complewent system at that stage,
the cuse of “zero” output recuired aine julses, not zero julses,.

The last two ssatences of paragraih ‘three on juge two read:

The ldeu of the use of Lias vojtages to counteract tlw
eifects of leakagoe currents, suggested by Art in cone
nection with the accunmlatoer, proved hieljful ain the
function table, wuich alse required 5 carcful analysis
of the effects of parasitic siznals in the matrix, I
recall maiing such an enalysis te deterwine the worst
conb ination of switch settings, 0 that Tthe worst case
could be jrovided for,

1 rocall checkin; sab's zuslysis. Tue problem of fiadiag the worst
case was very auch wore Jilfficult o the function table matrix tian
iu the multiplier, becsuse the sultijlicaticn tablo natrix was fixed,
whereas the function table meirix varicd with tie swaioy settings,

sAith respect to tie use of bias voltages to countoruct thwe
effects of leukage currents, 1 Jdo not clailm sole crediv (or wven
wajor credit) for tne solutivu of the prodlem, tut I do clals full
credit for discoveriny taot there was & ;sroblen, An account of this
occurs on pages two amd threc of sy lettur of August 11, 1uG4, uben
I discovered that there was & roblos [ ventioned it to lauenly, who
peutioned it to ilcaert, i recall bchert comin; TO see me uhd GCknosle
edging that it was a problew. 1 Jdo not rocall what rele I had iw
the solution, vrex yrobably thought about the jrutlen Lerore Condng
tu sou wo) this wus usually the way se worked, whether Joba snd 1
had cowe up with the solution already, 1 dea't recall,

Part of the first soutence of raje three reacss

I waut o8 to the J8si, i of Che master rogramaer,

using the broud concerty laid down by Art, accin with

Pres offoring selptful sugyestions,
Hy sccouitt is given on paye 2 of @y Sugust 1 letter, 'y ddes vas to
use prou;s of auxiliury counters for combinlig subseuentus iate Coue
ylote yregrams, 1 do not rocall the details, Lut [ recull tads suci
about it, I had a defiuite lo,ical design which would wove, Thoe
actusl systen of decoders and steppers vas Jifferent; it was & variation
on my ides, and, as ! recall it, an ipprovesent of wy lded.
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In the tirst patgg;ayh of paye Lires Lob statess

ese Lhe master prugrsaser used whst was to tihw hest of
®) monory tiwe only sultiple colncidence (jarallel-turw)
cating circuit in the INIAC; as these circuits were
ecouplad, they led to UC voltage pile-ujs similar to,
but sowswiat losy extrowe than, those in the function
tables,

The last part £its with my semory, Siance | had the responsibility of
dusipning thwe power supplies, 1 was fweiliar with all the voltuge lovels
of the nachine, and therv were very nany., The switches on the iuitiating
unit provide for 6 x 11 (=85) different veltages, but tie actuzl nusber
nay have been snmaller, 1 recsll working with Job at one stage to see if
we really necded the extra levels introduced by the function talle, amd
concluding that we did, thouph: our discussion may huve led to elivinating
a few lovels bov though he needed. Ik jarticular, the wide ranye of
voltage levels we had was unavoidsile,

My mesory supports Bob's assortion that Tho wRSTeT ;Togramanur
led o XX voltuye jile-ups sikiler to those of the function tables. sut
1 am unable to confirs that this is so for the reusem he pives, nwsely,
that tie master ;royruemerT used “the ouly sultiple coincidence (jarallcl-
tube) gating clrcuit in tioe ENIAC.Y [ assume that the cireuit he refors
to is that of Figure 1, which is enclosed, bul the oulti;lier circuit
of Fijure & seeus to involve a sreater plleeuj,

Page four, [4ragrald one, sentence one! As mentiosed on paie
five of my Augus otter, 1 L#d von unt draw up & conmection Jdia;ran
for su LNIAC progras, probauly for a ballistics trajectory. I beoldove
sube use was pade of this larse drawing, but % not sure, Adeds
Goldstine would robably kuow, [ sust uave set upr test rogrars for
the mltiplior, for I had full charpe of testing thet unit. i Jdon't
recall jarticipating in tue seteu; of sny fullescile proulens ou tie
sacilie, 1 taduk tho sirls under the divection of Adele Coldstine did
w03t Of Thut,

sincerely yours,

ATTHUY i, SUTRS
Professor of Palloso;by

Akiusdlw
LiCiosures
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Dr. B a.’ GOIdluﬂ. R W
g _.j_.: ‘Thomas J,: Watson Rnutch c.nm
. L.B.M, Corpoucion N

;fff Dear llemm

: In my cclcphon¢ convoraaclon with you from Sy Yutor's houco
laa: summat. you asserted that Kite Sharpless, Bob Shaw, and I :;
" were joint inventors of the ENIAC, Kite, Bob and I would appre--
7~21a:¢ vory nuch hcvins a w:it:cn ltatoment £:om you to :hac of-v“;
act.. e R o LT S T
i Bob and I componcd 1ista of chc contribucions that a11 th:to
i of us made to the ENIAC, These are contained in one letter by
,51'4h" " Bob (October 31, 1964) and two letters by me (August 11, 1964

A and November 27, 1964), . I am enclosing coples of these lecccrs,

yr( ani since they may be of hclp in refreshing your memory concerning
" our work, If you agree with the substance of thaao la:toro, ve'

’ h;would apprcciate your oaying thn: alao.

’\\W

L Since the meaning of "joint 1nventot“ is crucial in this mst-
S0 ter, I am enclosing a copy of Yuter's letcar to Shaw of July 24
'qkﬁf‘1966 whicb concainc a rolcvanc qpotation

= Lct me add my underscanding of why Kice. Bob and I a:e joint
1nventors of the ENIAC, The ENIAC was & joint taam effort, John
Mauchly and Pres Eckert gave us the general idea and raised many
.problens, - We solved these problems in @ non-obvious, non-routine
_{ way, as well as other problems which we formulated as the work pro-
‘ gressed Kite, Bob, and I are joint inventors because we completed.
. the conception of che ENIAC; we did not merely reduce to practice .
. the already completed concept of John and Pres. ' The notion of .
“a “completing the conception" includes logical and electronic design.f%‘
~supervision of construction and testing, and deciding on the modi-
:£ications needed to make the equipment operative., Kite, Bob, and
- I completed the conception of various units and various aspects of -

' the whole system to the plncc whnru technicianc could carry out tho
tcsc of tho doaisn.‘ L O




L Do . K:l.:o. Bob, and I would apprécuto very ninch a writtciz exe
o preuion of yaur opinion that we are jo:l.nc mventon of the S S




A .
\ " July 24, 1964

Mr. Robert F,. Shaw
569 Bayville Road
Idocust vauey. L. xo [ ] N. Y.

Re: ENIAC
Dear Bob:

In connection with your investigation to determine whether
you may be a joint inventor of the ENIAC, the following quotatioa
may be of interest, It is from De Laski & Throop v, William R,
Throop & Sons, 218 Fed, 458, 464 (1914), aff'd, 226 Fed. 941

(3 Cir. 1915),

"In order to constitute two persons joint
inventors, it i{s not necessary that exactly tho
same idea should have occurred to each at the
sama time, and that they should work out together
the embodiment of that idea in a perfected machine,
The conception of the entire device may ba due to
one, but if the other makee suggestions of practical
value, which assisted {n working out the main idea
‘and making it operative, or contributes an
independent part of the entire invention, which is
united with the parts produced by the other and

~ creates the whole, ho is a joint inventor, even
though his contribution bg of comparatively minor
importance and merely the application of an old
idea, - (Citing cacea. )"

Sinceroly,

SCY:d
ce: Mr. Kite Sharpless

CPXsIY
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'Q:w’

. H. Goldstine

Themae L. W atenn Resrareh Contep
Yorktown Heighte, \ew York

March 3, 1985

Dear Art:

I have read over in detall your letter of February 18
together with the accompanying letters of contribution.

Iam in complete agreement as to the things which you

and your colleagues, Kite Sharpless and Bob Shaw,

- assert that you did. I remember the points that you

raise in your letters and agree that you people
actually did the things which you have asserted.

On the basis of what I know about joint inventors, and

on the basis of the quotation which was contained in .
the letter from Mr. Yuter to Bob Shaw dated July 24, 1964
In which a definition is given of joint inventor, I
completely agree that you people are joint inventors

of the ENIAC., -

With best regards.

Sincerely,

s e

Professor A. W. Burks
Department of Philosophy
The Unlversity of Michigan
Ann Arbor, Michigan

PX 9557
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