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FOREWORD

This report is a description of the first high-speed
multiplier developed at the Servomechanisms Laboratory of-
MIT for the Projec£ Whirlwind program. It records the
high points in the development of the machine, and is in-
tended to acquaint the reader with many of the electronic
problems which confront the designer of a high-speed digital
computer. In order to facilitate reference, the text is
contained in Volum.e 1 and the illustrations in Volume 2:

The writer wiah’es‘ to acknowledge the cooperative
efforts of 'a.ll members of Projsct Whirlwind who devoted their
time and energy to make the multiplier program a success.
The valuable assistance of George Sumner and Norman Daggett

is especially appreciated.
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THE FIVE-.DIGIT MULTIPLIKR

1. INTRODUCIION

1.1 Problemes in Realizing an Electronic Computer

In the development program of such a large and complex system
as an agtomatic digital computer, there is a tremendous gap bétween a
block-diagram outline of the over-all system, such as presentéd 1n.R-127,5‘
and the realizatlon of a physical system which will actually perform
- computations. The five-digit multiplier was built to help bridge that gap.

A study of the various functions necessary in én electronic
digital computer 1ndicaxe§ that four types of problems are of particular .
interest: the storage problem, the input-and-output problem, the multiple-
channel-switching problem, and the arithmetic problem. Before construction
of W31rlkind I could be definitely planned, these problems had to be
investigated thoroughly and prototype equipment built.

Design and construction of the five-digit multivlier was the
result of experimentation with the last, the arithmetic problem. 1In its
entirety, the arithmetic problem covers the operations of adding, sub-
tracting, multiplying. and dividing. It also includes such functions as
checking the transfer of numbers and orders.

WWI will have circuits for all these arithmetic duties. However,
since the electronic circuits and techniques are similar in each,‘the
solving of the multiplication process by the five-digit multiplier will

essentially indicate the solution of the others.

* Superscripts refer to numbered bibliography, Appendix VI,
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1.2 Adms of the Multiplier Projech

The multiplier project was undertaken with several distinct aima.
in mind. The first and most significant aim is to determine the optimum
multiplication speed ébtainable using present electronic techniques,' Since
optimum multiplication speed is closely associated with storsge access
time, these two factors will determine the limiting speed in the final
computer désign.

The answers to other questions concerning future computer work
are likewise pertinent aims of the multiplier project:

1s the parallel method of design as outlined in Report R-127
a reasonable and practical approach to this problem of high~epeed
computation?

will the basic circuits perform successfully when tled together
in a system? |

What unforeseen problems of stability, nolse, crosstalk, and
tube reliability may dbecome stumbling blocks in the realization of a final.

machine?

1.3 General Description of the Five-Digit Multiplier

The major unit component of the five-digit multiplier 1s an
arithmetic element, prototype of 5 digits of the arithmetic element of
WWI. Three other units are used with the arithmetic element: the
arithmetic-element control, toggle-switch storage, and an indicator panel.

The arithmetic element is composed of %hree registers: the
A~reglister, the accumulator, and the B-reglster.

The arithmetic-element control provides a switch for manual or

automatic overation, and push buttons for pulsing the machine. It also
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contains a step counter which is used to count the number of shifts during
a multiplication and shut off the machine Qhen the correct number of
shifts has been made.
Togele-switch storage has 2 five-digit togrle-switch etorage
reglsters from which numbers may be read into the A-register and B-register.
The indicator vanel holds an array of indicator lights connected
to each flip-flop of the A-register, accumulator, and B-register. ihen
a.light is glowing: it indicates that the associated flip~-flop contains a 1.

Figure 1 illustrates the functional relationship of these units.

1.4 Machine Performance

After the multiplicand has been read intc the A-~register and the
multiplier into the B.register, the machine is able to perform a multi-
plication automatically in 5 microseconds. This 1is accomplished
mathematically by a series of shifts and additions, and electronically by
using a series of O.l-microsecond pulses at a 2-megacycle pulse repetition
frequency. The answer is then displayed by the indicator lights of the
accumulator and B-register. All these operations are explained in detail

in Section 3, Section U4, and Appendix IV.
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2. BINARY MULTIPLICATION

The binary number system was selected for Whirlwind computers in
oreference to the decimal system because of its adaptabi}ity to electronic
circuits. Therefore, in order to understand fully the problems of designing -
the electronic medium of the five-digit multipiier, it should prove‘helpful
to ihe reader‘if a discussion of the nature of binary multiplication is
presented at this point.

In the binary system, our familiar longhand method of multi-
plication is simply a series of additions. These additions accur as one

of the following three numerical combinations:

¢ 0 0 1
LA SR
0 1 10

Adding Binary Numbers

To multiply two binary numbers, the multiplicand is added in for every digit

of the multiplier which is a 1, while 0'5 are added when the multiplier digit

is a 0. It may be noted in the example below that each partial product

1s shifted one digit to the left under the preceding partial product as in

decimél multiplication before being added to produce the complete product.
110 multiplicand

101 multiplier
110 first partial product

000 second partial product
' 110 third partial product
11110 complete product

Binary Multiplication
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- If a machine were to pérform multiplication in this manner, it
would have to ﬁe able to distinguiah a O from a 1 in every digit of the
multiplier and be instructed to add in either the multiplicand or a set
of 0's. It would also have to shift left at the proper time and add ﬁhe
partial vroducts. The process is not impossible electronicglly. but it
constitutes a rather long computing time and involves many electronic.
components. Accordingly, a modified method of multiplication is used.
Insfead of expecting the machine to inspect the entire multiplier, we ask
it to examine only the right-most digit. We then let the machine "throw
away" the examined digit, shift the multiplier one digit to the right, and
examine the new right-most digit. Rather than add in O's as we did in the
longhand method whenever the maltiplier digit was a 0, we allow the machine
to shift the partial product one digit to the right. Offhand this method
might appear more complicated than the conventional one. Actually the

machine has to . use only a single circuit to examine the right-most digit

‘of the multiplier, another simple circuit to shift each digit to the right,

and a device known as the step counter to tell when to stop. Throwing
away of the used digits, reserves space in the B-register of the machine
for part of the answer.

The modified method 1s accomplished mathematically as follogs;

(1) Xxamine the right-most diglt of the multiplier. If it is a 1,
add the multiplicand in as a partial product and then shift the multiplier
and partial product 1 digit to the right, throwing away the used multiplier
digit. If it is a 0, shift the multiplier and throw away the used digit.

& (2) Examine the new right-most digit of the multiplier. If it is

a l, add the multiplicand to the shifted partial product (considered all

I
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O's 1f the first right-most digit of the multiplier was a 0), obtaining
a second partial product. Shift the new partial prdduct and multipiier
one digit to the right. If it is a O, shift the partial product and
multiplier one digit.to the right.

(3) Perform successive shifts and additions until 21l the
digits of the multiplier have b?eniused.

The next example illustrates multiplying two longer numbers by‘the
modified method: |

0111 = "multiplicand

1101 multiplier
0111 partial product
0111 multiplicand

110 shifted multiplier

0111 ... shifted partial product - ..
0111 nultiplicand '

11 shifted multiplier (2nd shift)

‘ — 0111 shifted partial product (2nd shift)
0111 multiplicand added in
100011 second partial product
0111 multiplicand
1 shifted multiplier (3rd shift)

0100011 shifted 2nd partial product

0111 multiplicand added in
1011011  answer

Modified Multiplication

In the example above; vhenever two 1's were added, a O was
produced and a 1 wae shifted mentally to the left as a carry. If the next
column to the left contained O, the carry was added in directly. If it
contained a 1, the carry was added to the 1, giving a 0 and producing &
second carry to be shifted. This process was continued until all carries
were added. Since the machine is not capable of shifting carries mentally;

we must consider a step-by-step process which the machine can perform. The
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following illustration shows how multiple carries are handled for the

last steﬁs in the previous example.

0111 shifted partial product (2nd shift)
0111 multiplicand added in
1 carry
011011
1l carry
010011
1 carry
000011 |
100011 =~  second partial product
0100011 shifted second partial product
0111 rultiplicand added in
1 carry -
0011011
1011011 answer

Multiple Carry

It may be seen in the example of modified multiplication that
shifting and adding are the primary requirements, and also £hax 4 carry
additions are ﬁeéessary.in order to get the complete answer in the
example of mulitiple carry. However. in machine solving, after the first
carry operation, the cifcuits containing the partial product gnd carry are
in a position to accept & second number for addition; that is, a given
vartlal-product digit and its associated carry digit to the left together
never hold more than a single 1 after shift and carry, and another addition
may be performed befofe both could hold 1's. Thus a partial carry will
suffice for the successive additions during a multiblicamion. and the
complete carry may be deferred until the end of the process. For example,
starting at the same point as we did in the illustration of multiple carfy
ve follow these steps:

(1) Add and obtain the first carry.

(2) sShift the carry and partial product one digit to the right.
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.

(3) Add in the multiplicand, obtaining a new partial product
and new carry.

(L) Perform a high-speed complete carry and obtain the answer.

0111
0111
(001000 carry
Step 1 (011011 partial product
Step 2 1000 shifted carry
p (0011011 ghifted partial product
Step 3 (o111 multiplicand added in
°p (0111000 new carry .
Step 4 (0100011 new partial product
(1011011 high-speed carry and answer

Shift and Carry

In the abo;e example, a partial carry was performed and then the
partial carry and partial product were shifted before the next addition.
Although this eliminatee the necessity of the second and third c_a:tiry
operations and could be a.ccom;ilished electronically without any difficulty,
the two steps still consume much computing time. To 'incre‘a.se computing
speed, Whirlwind I circuite combine the two operations into one callad,
"ehift and carry". This operation is explained fully in the discussion
of the whifflet:ee circult in Appendix V.
| The final step is a high-speed éarry which adds each number of the
carry directly into the partial product to obtain the answer. Whenever a
1 in the partial product is encountered dufing addition, the carry 1is
propagated to the left until it finde a O, changing the 1l's in the partial-
product to O's as it goes.

Further investigation of the mathematical process of shift and
carry will show that four possible combinations may resuvlt in a carry

and partial-product column after two numbers are added. In the example



Page 9

below, two seven-digit binary numbers, 0111000 and 0011010, have been
added to vroduce the carry and partial product shown. ZEach carry digit
18 the result of addition occurring to its right. The columns in which

the four combinations mentioned appear have been circled for reference.

Columns: / 1 @G) y BO® 71
carry 011000
_partial product 0100010

Carry and Partial-Product Combinations

If we shift the carry digits and partial product one column
to the right (A) and then add in the carries (B), the above numbers take

the following form:

(a) - 1 ) b 1.8
carry 0011000
partial product ‘ 0 01 00 010

(B) :
carry 0100000
partial product : 0 0010010

Shift Right and Carry

Let us now examine the circled digit columns in both examples.
In column 2, the carry and partial-product combina.tion. 1/1, bvecomes 1/0
after shift and carry (B). The carry‘is left at 1 while the 1 in the
- partial-product is cleared and a O shifted to the right. In column 3, the

1/0 combination becomes 0/0; the 1 in the carry is shifted right into
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column Y of the partial product. In colummn 5, 0/0 remains 0/0, ehifting
a 0 to the right in column 6. The 0/l in column 6 becomes 00 and a 1 is
shifted right. | |

The four conditions of shift and carry in Whirlwind computer
circults are the same as those shown above and may be learned easily
by following this rule of thumb: If the combination of the carry flip-
flop (carry digit) and accumulator flip-flop (partial-product digit) in
the same column is 0/0, shift 2 O to the right in the partial éroduct. 1f
the combination is O/1 or 1/0, shift a 1 to the right and clear. If a

1/1 exists, shift a O to the right, leave the 1 in the carry, and clear the

partial product.
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3. HISTORY OF THE MULTIPLIER PROJECT

3.1 Shift-and-Carry Function

From the above diecussion of maltiplicetion the reader may
gather that the shift-and-carry function 1s somewhat more involved than
the other arithmetic functions. This compli’ca.tion ig Jjustified only as
a means of increasing multiplication speed; therefore, a detailed study
of the shift.and-.carry problem was gelected as the starting point for

electronic work on the project.

4.11 Component Circuits

Shift and carry wae accomplished initially by using the M-position
matrix switch (Fig. 5). Thie method, previously outlined in 3-127,5 is
described in Appendix I of this report. The basic clrculte which were used
to design the matrix are the flip-flop (Fig. 3) andkthe gate circuit
(Fig. ¥). Appendix I likewise contains a discussion of basic circuits,

and Appendix 1I, methods of coupling.

3.12 The Shift-and-Carry Breadboard

Fig. 2 is a photograph of the breadboard used to test the shift-
and-carry matrix. The breadboard provided a means of studying the four
conditions of shift and carry mentioned in Section 2, Binary Multiplication.
The gate tubes in the matrix were switched rapidly by changing the contents
of the assoclated flip-flops.: 'This sequence permitted detaiied study of
the timing and impedance prodlems.

The experimental work at this stage of the program made possible

several important declsions. The most significant was the establishment
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of the maximum frequency for shift and carry. Two megacycles wae
gelected as optimum, resulting in a 0.5-microsecond deiay period. This
period was employéd as follows: the switching time of the system wss
measured at 0.2 microsecond, the pulse width used was 0.1 microsecond,
vhile the remaining 0.2 microsecond provided a safety margin. Fig. 6
shows the relative placement of pulses in time as a gate circult of ths_
matrix is switched.

:Faater operation was attempted, and successful switching was
achieved at a 2.8-megacycle rate. To increase the speed further, heavier
tubes and more power dissipation by the crystals were necessary. As
crystal reliability is directly related to power dissipation, this plan
was abandoned. The decisi'oﬁ to operate at 2 megacycles was a compromine
to obtain meximum reliability with minimum equipment.

&-C coxzpling with the use of restorer pulses (discussed in
Appendix II) was verified as a practical and useful method to avoid the

cascading of power supplies. Its success in the shift-and-carry bread-

board was largely responsible for the decision to use a~c coupling in the. '

five-digit multiplier and later in WWI.

3.2 The Control Panel

The function of the control psnel is to supply pulses to the
arithmetic panels in such sequence ?8 is required to carry out a
multiplication. Tha operationg of adding, shifting, clearing, and reading
in new numbers are all necessary. Provision must be made for the operator

to initiate these pulses by push-button for step-by-step solution or to
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call for sutomatic operation,

Two registers of togzle-switch storage allow the operator to
set up manually the two numbers he desires to multiply, and provision to
read these into the A and B-registers is made.

Indicator lights which show the position of each flip-flop in the
digit pa.fxels are provided so that each step in the solution of a prodlem
may be studied.

A central restorer line capable of restoring the whole multiplier
is on this panel, and the necessary line drivers to take the control
pulses to the five digits are also included.

The block séhematic, Fig. 16, shows the separate channels which
perform each of these functions. The circuit schematilc, Fig. 9, includes
the wiring of the indicator lights. ,

Fig. 7 1e a photograph of the panél. In {;his illustration, the
1ndicat9r lights of the accumulator and B—régister show the solution to
the problem 31 x 31 «w- 961. The A-regiseér sun holds the multiplicand 31.

Most of the circuits are conventional; however, the method of
obtaining & single pulse for push-button operaﬁion using a switch tube,

2021 thyratron, is of interest and is presented in Apnendix III.

3.3 Mechanical Aspects of Design
In considering the many possible physical arrangements of parts

for the multiplier panels, it was decided that ease in troudble analysis,
 accessibility, and good iideo—laycu‘r. techniques should take precedence

over compactneas or appearance. This decision was nade to affect WWI
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as well as the multiplier pansls. Accordingly the design of a single-
digit multiplier panel domprising the A-register, B-register, and
accumulator_ was made with the tubes mounted horigzontally in the rear and
circuits lald out on the front of the panel. Fig., 10 shows the prototype.
panel used to test the mechanical and electrical design. Video cables
were installed close to the particular tube with which they function to
minimize possible crosstalk problems.

Exhaustive testing of the prototype assured that this type of
layout was adequate for high-speed circuité. No relaxation of performance
requirements was necessary between the breadboard and this prototyne p.anel.

The final panels of the five-digit multiplier, Fig. 11 and f’ig. 12,
differ only slightly from the prototype. They were constructed and
tested by Sylvania Electric Products; Inc., Boston, .Mav.ssachueetts. A gixth
rack contains the necessary control app#ratus. indicator lights, two
registers of toggie-c\dtch storage, and step counter (Section 3.2). Each
_ of these six racks has its own powef distribution panel with apsociated
fuses and relay interlocking circuits.

3.4 Systems Operation (Refer Fig. 1UA, Fig. 14B, Fig. 15 for typical
circulte?

3.41 Five-Digit Multiplier as a System

When fmctioning as a multiplier, the five digit panels of this
system are acﬁivé,ted by pulges from the control panel. Control is a
means of distributing pulses to the proper location at the proper time.
To accomplish this, test equipment must provide pulsee fdr control. The

test equipment needed to run a system such as the five-digit multiplier
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was not available at the start of the project, and considerable effort

has been expended to develop adequate circuits. A history of the systems
operation, in fact, .closely parallels a history of test equipment required
to actuate 'it. |

‘The preliminary studies of restoring the system made use of the
restorer pulse generator, which gives two pulses each 10-microsecond
period when supplied with l-megacycle clock pulses. These restorer pulses
were amplified and distributed by the buffer in the control panel.

Systems operation was successful first at the push-button rate
and soon afterwards at a clock frequency of 100 kc. In the latter case,

a second restorer generator providing a single pulse in each restorer
interval was useﬁ as a clock-pulse source. Veryllittle trouble was
experienced in operaf;.ng at this rate, beyond the routine prﬁblema due
to wiring errors and a few design omissions.

Increasing the frequency to 1 megacycle, howefer, created a test-
equipment problem. At this rate it was necessary to gate out clock pulees
during the period of restoration to avoild the possibility of a control
pulse being sent out at that time. The arrangement shdwn in the block
diagram, Fig. 13, made this possible and aellowed a margin of safety in each
side of the restorer period. The crystal-controlled clbck fed both l-and
2-megacycle pulses to the pulse distributor and l-ﬁegacycle pulses to the
restorer pulse gengrator. A gingle iOO-kc pulse from the output of this
unit produced a l.25-microsecond gate by a flip-flop and delay line in the
dietridutor and alloved 2 pulses from the l-megacycle line to pass along

the restorer output line. During this 1.25-microsecond period, the
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2-megacycle clock pulses were suppressed by another gate on the same
flip-flop.

. Using the above test equipment, the multiplier operated at a
l-megacycle rate but required very high amplitude pulses. Increasing
the clock rate to 2 megacycles resulted in operation on a rather inter-
mittent basis; nevertheless, a few successful multiplications of five-
digit npmbers were obtained.

From this experience, it was apparent that existing techniques

and tools were inadequate for the task, and again more test equipment
was indicated. As a result, the periodic-program control panel was
deeigned to repeat each solution at an audio rate; that is, every milli-
second a H-microsecond solution would occur and then hold for 985 micro-
seconds. During the period 985 to 995, the machine was cleared and the
multiplicand'and multiplier read inﬁb the A~and B.registers as described
in Section 4. Prom 995 to 1000 microseconds the solution would recur to
complete the cycle. The 985—micrasecond-delay between problem golutions
gave ample time to turn’on the indicator lights. The remaining 15-micro-
second period was short enough to prevent the lights from being extinguished
and permitted tﬁe operator to see a continuous displey of the problem solution.
If any change due to machine error or intermittent solution occurred, these
lights would flicker and give warning that all was not well. The photographse
of Fig. 17 and Fig. 20 were made using the periodic program panel. The
reader will see readily the advantage of this equipment in studying

detailed action of flip-flops and gates,
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3.42 Design Considerations
The most important single factor in improving mnlt_:lplier

reliabllity from the original stage to the present was the removal of

the circuits' seneitivity to prf variations. Soon after the periédic-
pfogram control was available it was found that the clrcults ueing pulse
transformers would pass the first pulse of a chain at fu;l amplitude

but subsequent pulses would appear at a.reduced amplitude. Once this
tendency was 'esta.'blished, each subsequent tube and tz;ansformer would -
accentuate it; and after Jork éta.ges, the 3rd and UYth pulse in the chain
and all following pulses would be attenuated to a low value,

The cause of the trouble was found to be the failui‘e of a
transformer and its load circuit to recover completely from one pulse of
- energy before receliving another. This load circuit was essentially an
LC tuned circult which oscillated at a froquenc;; of 5 mc, giving a 0.1~ |
positive half-sine wave in the first half-cycle. In the second half-
cycle, as the voltage reversed, a crystal came into action and damped out
the negative wave, leaving only a positive pulse. This damping was the
important problem. In order to keep the time of damping below the 0.5
microsecond limit, an oytimmn. resistor was needed in series with the
crystal. For 1:1 transformers, L70 ohms is optimum; for 3:1 units, 390.
The photographs of the clock pulses in Fig. -20 gshow that the results
arrived at are sa.tisfaétory. Betveen the first and last clock pulses of
each group there ie no perceptible decrease in amplitude. The slight
overshoot affer each pﬁlse returns to the base line does not affect the

succeeding pul se.'.
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‘A second important consideration arose in regard to the ifour-
position crystal switch (Appendix I). In restoration, this switch
changes to its complementary state; that is, a 1/1 condiﬁ:on becomes
0/0 and a 1/0 becomes O/1. In either case, two of the four channels
are unaffected and remain closed. The gates of these channels remain
closed because they receive no signal from the matrix. This condition
'1s only fulfilled, however, whem all four tubes driving the matrix heve
equal plite cﬁrrents. Should one tube age sooner than another the change
in liggal on switching appears as a reduction in biae on the channel held.
off by a biasing voltage.

It soon became apparent that keeping plate currents equal in
tubes of varying duty factors was an impossidle task; accordingly this
method was abandoned in favor of the whiffletree switch discussed in

‘-‘ppendix V. This method does not require balanced tubes. It has 'beonv
installed Ai:'; the five-digit system and proved to be very rellable.

3.43 Tubes

The 6AG7 tube was used in the flip-flop and buffer at the start
of the project. This tube deteriorated rapidly, especially in circuitn
of low duty‘factor. Investigation indicated that this plate current
deterioration resulted from a cathode resistance developing internally.
There is some indication that this resistance is due to the formation of
an interfaée on the nickel sleeve of the cathode. Silicon and iron have
been detecfod in the sleeves of those tubes which have shown deterioration,
and it 1s believed that .these impurities may be the source of trouble.
The Sylvania 7Ai)7 has been substituted for this 6A67 and to date has

exhidbited a better life expectancy in low-duty-factor circuits. A
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comprehensive treatment of this study is given in Report R-139 .2

The 6AS6 gate tube was selected as most suitable at the beginning
of the project. This tube is proving to be a rgliabla one. ’Many of
the original tubes are still usable after 5000 hours of operation. The
tube, however, has low current capacity and requires the use of a buffer
amplifier in many circuits. The Sylvania TAK7 developed for the project
has bdeen substituted in some circuits to avoid these buffers. FPresent
indications of its life expectancy are also favorable. A discussion of
the use of this tubdbe including characteristics and data, 1is available in

6
Engineering Notes E.139.

3.44 Trouble Location

Successful systems operation depends largely on trouble analysis
where symptoms are often obscure and diagnosis involved. Considerable
effort has been expended to minimize the difficulties in tracing troubles
which occui in day-to-day operation. A method of attacking the problem
has been developed and its usefulness verified. This method makes use of
the step counter’. In normal opera.tion the step counter keeps track of
the number of shift-and-carry operations which have occurred in a problem.
In a five-digit machine, five shifts are always required for multiplication
in order to examine each digit of the multiplier. After the fifth shift
pulee, the counter gives an end-carry pulse which ghute off the mult.iply
gate and initiates a final end carry. The step counter can be uged also
as a plece of trouble-location test equipment. If we preset it to
different numbers it will stop the problen after any desired number of

pulses, and a partial solution of the problem may be examined for error.
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1t may be connected to count either the shift or add pulses. A partial
solution to any multiplication may be obtained and displayed Dy manually
changing the preset number in the step counter. If, in addition, the
periodic-progran—oohtrol is used to repeat these partial solutions, the
oj;erator may scrutinige each section of a solution with an oscilloscope.
The photographs in Fig. 20 were taken using this equipment.

The method of trouble analysis usually followed is to o.bserve
each partial solution and determine which step in the solution is
deviating from the correct pattern. By applying the periodic-program
control, the opérator may tell from a few oscilloscope ‘oblervat:lona which
flip-flop or gate circuit is acting abnormally.

The total sequence has deen reduced to the solution of three
problems. If any one of these problems is incorrect the first deviation
from the correct solution may be found in a matter of minutes using the
above method of analysis. This known deviation isolates the trouble to
a single gate and flip-flop combination, and in most instances points
directly to the troubdle.

The three problems which achieve this checking are:

Problem . AR BR
(1) snnx3n 11111 11111
(2) 27 x19 11011 | 10011
(3 2x1 00010 00001

Fig. 27 shows which tubes pass or reject a pulse with each step
of these problems. As mentioned above, each partial solution serves to
isolate the origin of an error and directs the operator to the gate tube

or flip-flop causing the trouble.
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Y, FUNCPIONAL ASPECTS

4,1 Over-All View of the Multiplier

The functional aspects of the multiplier may best be presented
by first takihg an over=-all view of what operator and machine are expected
to do, and then following up with the steps involved in solving a typical
problenm. '

Looking at the whole picture, we realize that the mulf.iplier was
constructed as a five-diglt prototype of the arithmetic element of WWl
and that no stress was put upon control. 2s a result, a simple panel of
push-buttons and toggle switches 1g used to effect operations. Thus the
operator must perform duties which will be accomplished electronically
in WWI,

Concerning the performance of the machine, we expect it to be
able to add, obtain partial products, shift to the right, store and add
carries, and supply the correct answver. Finally, we expect it to perform

these functions at high speed.

4.2 Illustrations Used

The problem chosen for solution is 25 x 31. To ald in the
discussion, three sets of illustrations have been selected. The first
represent unit relationship by means of block diagrams. fhe second and
third (Fig. 20) show respectively the different arrays of indicator lights
on the control panel for each step in the nolution, and the pulse and
waveform behavior at as many of these steps as space permits. Scope

pictures for clock pulses 5-9 have not been included because it 1is
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believed that typical situations afe shown under clock pulses 1-4. The
horizontal arrangement of pulses and waveforms is cumulative, however,
and the reader may see the entire probdlem under clock pulse 10 and end-
. carry pulse. Restorer action is shown throughout the photographe. The
reader should not confuse the voltage pedestals between restorer pulses
with waveforms caused by clock pulses. In Figure 20, the waveforms and
indicator lighte are located in clock-pulse columns so that the reader
may see what each clock pulse does and, by looking at the column to the
left, what condition it found upon arrival. The multiplier uses parallel-
digit transmission over a system which provides one channel for each
binary digit. However, as it is impractical to show scope pictures of
the entire simultaneous process, waveforms have been selected which may
be considered typical in all five major units.

| Buffer amplifier units and many -dela.y elements have been omitted
in the block diagrams to reduce the drawings to the simplest terms. A
block schematic of the entire multiplier may be found in Volume II, Fig. 16,

for those interested in more than a single-digit view.

4.3 Preliminary Steps

As has been mentioned previously, the operator has to perform
several functions which will be programmed and machine-performed in WWI.
To simplify the descrivtion, let us consider these functions as preliminary
steps to tﬁe actual problem-solving. They consist of (1) deciding which '
two num'beﬁ to multiply togethér, (2) converting these from decimal to
binary form, (3) throwing toggle switches to place these numbers in the

AR and BR storage, (U4) clearing the machine of all previous numbers which
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‘bey remain, (5)‘ reading the numbers into the AR and BR, (6) checking
the indicator lights on the control panel to see if these numbers
have arrived in the respective register, (7) ordering the operation to
be performed. |

Preliminary Steps

(Refer to Fig. 17, Volume II, during steps 47.)

Step 1. The two numbers to bdbe multiplied are 25 x 3l.
~ Step 2. Converting these from decimal to binary form we get 11001l and
11111.

Step 3. Place the multiplicand 11001 in the A-register storage and the
multiplier 11111 in the B-register storage. To do this, throw the toggle
switches of the AR and BR on the control panel (see Figure 7) to the on
position for each diglt which is a 1. In this example, switches 1, 2,

and 5 shouid be on in the A-register and all switches on in the B-register.
Each switch 1s connected té a read-in gate and when a switch is thrown the
gate ig opened.

Step L, Push the clear button. This produces a negative pulse which
removes any numbers still in the multipliei' from a previous prodlem by
~clearing all register flip-flops. The first scope piéture in Fig. 17
shows at the left a positive gate formed by pairs of restorer pulses. At
the right, the negati;re pulse clears the flip-flop.

The clear pulse also triggers the clear line to the step

counter and presets the counter flip~-flops to the binary number 0ll.
Because of the physical arrangement of components in the step counter, numbers

are read from right to left and the indicator lights display 110. Each
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multiplier is considered as a five-digit number, and five shifts are
neceesary in order to examine each digit in the right-most position. If
the counter is triggered each time a shift occurs, it will contain 111
after the fourth shift. The fifth shift-and-carry pulse can pass through
the step counter, become an end-carry pulse and terminate the operation.
A descriptioﬁ of the step counter is given in Section U.lU under Clock
Pulee 2.
Step K. Push the read-in button. This control causes a read-in pulse
to arrive at each read-in gate whether opened or closed. In Step 3
wvhenever a 1 was switched into a read-in gate circuit, the gate vas oﬁened.
The read-in pulse then is able to pass through to the flip-flop in that
particular register and set it to a 1 (Fig. 18). Should the read-in
pulse arrive at a gate and find it closed, it stops and the flip-flop
controlled by that gate remains at 0. In WWI, read-in will be performed
more rapidly. All read-in gates of the AR are opened simultaneously by
the read-in pulse and numbers are read into the AR from the digit transfer
bus.

When read-in is complete, flip-flops 1, 2, and 5 of the AR and
all flip-flops of the BR should be set to 1. The waveform picture in
Fig. 17 under Step 5 shows a 1 being read into the flip-flop bty a positive
read-in pulse.
Step 6. To check if the numbers have arrived in the respective registers,
make sure that the indicator lights are glowing for each toggle switch in
the on position. For this problem, the indicator lights of dleits 1, 2,

and 5 in the AR and all digits in the BER should check "on" (See Fig. 17,
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Step 6). The indicator lights of the step counter should display 1.

St o Puesh the multiply button. The action causes a multiply
pulse to arrive on the line designated "X" in Fig. 19. This pulse
switches the multiply-switch flip-flop which opens the multiply gate.
Clock pulses now pass through to gates 1 and O of digit 5 of the

. B-register (BR5). The waveforms in Fig. 17 show the simultaneous acﬁions

started by the multiply pulse.

4.4 Problem Solution

The preliminary operations of setting up the problem are now
complete. With the multiplier on step control, we are ready to trace what
happens to each clock pulse as it passes through the multiply gate and
arrives at the 1 and O gates of BR.

Fig. 20 has been prepared to help the reader follow the action
in detaill. Referring to the figure for a moment, we find that clock
pulee 1 in the first column of the series of photographe clears BR5, adds
1 to ACl and AC2, and leaves Carry 1 at O. Since the first operation is
add, no shift-right pulses appear in the O-to-right and l-to-right row.

Clock Fulse 1

The first clock pulse approaches both the 1 and O gates of BR§
(see Fig. 21) and passes through the 1 gate which was opened when a one
was read into the BR flip-flop from toggle-switch storage. This action
of the 1 gate in examining the right-most digit of the BR or multiplier
is called "sensing".

Once through the 1 gate, the clock pulse becomes an add pulse

and arrives simultaneously at all five AC-input gates between the AR and
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AC (Fig. 21). As the flip-flops of digits 1, 2, and 5 in the AR contain
1's, their gates are open, and a 1 is added to the assoclated AC flip-
flops. The action of adding a 1 into ACl and AC2 is shown in the
waveforms under cloci: pulse 1 in Fig. 20.

In addition to becoming an add pulse, the first clock pulse
rasses back to the flip-flop of BR5 and clears it (BR5 under clock pulese 1,
Fig. 20). In the discussion of binary multiplication, this procedure was
called throwin; away the used multiplier digit.

The panel indicator lights in Fig. 20 show the array of numbers

at this point to be:

AR .11001
Cerry 0000

AC 11001

BR 11110

Counter 110

Clock Pulse 2

The second clock pulsge approaches both the 1 gate and the 0 gate
of BR5, and finds the O gate open as the first add pulse cleared the
flip-flop.

As may be seen in Fig. 21, this pulse becomes a shift-and-carry
pulse and performs three important functions: ,

1. It pulses the shift-and.—carry line in the accumulator,

2. It pulses the shift.right line in the B-register.

3. It adds 1 to the step counter.

The indicator lights in Fig. 20 show that the 11001 in the AC
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under clock pulse 1 becomes 01100 efter the shift-and-cm line is
pulsed. No carries were present after the first addition; therefore,
the carry register still reads 00CO. The 1 in AC5 under clock pulse 1
is shifted to BRl and the B-register 1s shifted right to indicate 11111.
The step-counter add line is pulsed and the lights change from 110 to 001.
The waveform photographs under clock pulse 2 show BR5 set to a
1, carry 1 still cleared, and a 1 shifted from ACl to AC2 by the negative
l-to~-right pulse.
‘The three functions initiated by the shift-and-carry pulse are
treated fully in Appendix IV,

Clock Pulsge 3

Clock pulse 3 is an add pulse. The same action takes place as.
with clock pulse 1 exceiot that the flip-flops of AC2 and AC3 already
contain 1's. When the multiplicand 11001 is added to the partial product,
01100, a 1 is added to a 1 in column 2 producing a carry in column 1.
This sequence may be followed in the block diagranm, Fig. 16. The indicator
array in Fig. 20 now is:

Carry 1000
AC 101101
BR 11110
The waveforms in Fig. 20 Qhow that clock pulse 3 has set carry 1 and ACl
to 1, and cleared AG2 and BES.

Clock Pulse U4

The right-most digit of the B.register being sensed as a 0, the

0 gate opens and passes clock pulse 4 as a shift-and-carry pulse. The
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ehiff-and-carry line, shift-right line, and etep-osunser add liwne i
then pulsed. The resulting ection occurs in cach digit:
(1) Content: before shift and carry
Carry 1000 Covnter O O 1
AC 10101 |
BR 11130
Digit 123 L5
(2) Contentz after shift and carry
Carry 1000 Counter 1 01
AG 00019

BR

j I 4
Pt

1

[

1
Digit 12345
The photographs under clocik pulse 4 show that BRH is cet to a 1
by the shift-right pulss, ACZ2 is left ai O by the O-to-right pulse, znd
ACl ig cleared by the shift-and-carry pulse.

Clock Pulses B9

Clock pulses 5 threugh 9 are alternately add and shiftéandmcarry
pulses and per.form functlons similar to those described in detall above.
The control panel arraye in Fig. 20 indicate the binary numbers in gll
registers for each step. Particalar attentlon should be given to clock
pulse 5 (add) which produces a 1/1 in carry 1 and ACl, e O/1 inm digite
2 and U4; and clock pulse 9 (add) which produces a 1/1 in digits 1 and U,
and a 0/1 in digits 2 and 2.

Clock Pulss 10

This clock pulse becomes a shift-and-carry pulsge, pulsing the

shift-and-carry line, the shift-right line, and the add line to the step
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counter. The latter, set at 111 by the previous shift-and-cerry pulse,
(clock pulse 8), allows clock pulse 10 to pass through all thre.e gates,
clearing tie flip-flops of the counter as it goes (Fig. 20).
If the indicator circuits were arranged to obtain a display on the
control panel at this point. the reglater digits would read:
| AR 11001
Carry 1001
AC 001110
BR 00111
Such indlcations are not given, however, as another step ies combined with
shift and carry to give the final answer. KNote in the illustration above
that the carry flip-flope of digits 1 and 4 contain 1's. The correct
answer cannot be obtalned until a full carry has been made. .
The multiplier performs a full carry in one operation through
& high-speed-carry circuit shown in Fig, 26. After the shift-and-carry
pulse (clock pulse 10) passes through couﬁter GT3, it becomes an end |
carry pulse, clears the multiply-switch FF, and also pulses a high-speed-
carry line. This line is comnnected to four high-speed-carry gates, ea§h
gate controlled by a carry flip-flop. Fig. 26 shows a typical circuit.
With the carry flip-flop at 0, gate 1 1s closed. With the carry
ﬂip-ﬂop at 1, the high-gpeed-carry pulse goes through, clears the carry
flip-flop and triggers the input of the AC flip-flop in the same digit.
One of two conditions may now exist: the AC flip-flop holds either a 0
or a l. If it contains a 0, the pulse sets it .to a l. If it contains a

1, the pulse clears it and also travels through gate 2 to the AC flip.flop
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next to the left, arriving shortly after a similar operation has been:

performed in the high-speed-carry circuit there.

Thus, whenever the condition 1/0 exists in the carry and
accunulator flip-flops of the s#mé digit, the 1 from the carry is
transferred to the accumulator. Whenever 1/1 exists, the 1 from the

carry flip-flop goee to the accumulator flip-flop of the next digit left

and the AC flip-flop in the same digit changes to O.

Should a 1 be encountered in the ‘second accumulator flip-flop,
the incoming 1 passes again to the left, and the second accumulator flip-
flop changes to 0. This occurs until an accumulator flip-flop not holding
a 1l is reached. For example, in our prodblem after the last shift and
carry (clock pulse 10) we have:

Carry 100 1
AC 00110
High- speed carry gives us:
. Carry 0000
AC 11000 |
In Fig. 20 the photographs under clock pulse 10 and end carry show the
complete action of the FF's in BR5, AC2, carry 1, ACl, and indicate the

four O-to_-right and one l-to-right pulses.

4.5 Reading the Answer

The final array of numbers in the indicator lights of the control

panel in Fig, 20 ie:
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AR 11001
Carry 0000
AC 11000
BR 00111
The answer appears partly in the AC and partly in B-register as 1 ¢+ 2 +
4 (BR)+ 256 + 512 (AC) = 775, the B-register holding quantities smaller

than 32, and the AC quantities from 32 to 512,

Ac 512 256 128 64 32
BR 16 8 4 2 l
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5« CONCLUSIONS AND RECOMMENDAT IONS

The first phase of the multiplier pro,jéct has been quite
successful. The aims set out in Section 1.2 have been realized, énd
valuable informat ion‘has been gained which might have been overlocked
had the multiplier project not been undertaken. '

An optimum multiplicatiorn speed of 2 megacycles has been decided
on and verified. The parallel method of computation has been established
as practical. Basic circuits have been subjecteé. to systems' requirements,
and modifications made where necessary. Tube typea‘which have proved
to de 1nadequ$.te for computer applications have been avoided and circuit
changes made which have aided in min:i.m:lzing the effect of tube deterioration.

One of the most important contributions to the Whirlwind program
has been the experience gained through the use of high-speed video
circuitry in the mﬁltiplior. This ba.ckgrouﬁd has formed the basis for
many decisions in the Whirlwind design. .

While the value of higb—speed circuitry cannot ﬁe overemphasized,
realization of the gystem would not have been possible without perfecting
other factors to the same degree of performance. Twc.) najor factors were:

1. The test equipment necessary to run a complex system )

demanded a good pr0portioh of the effort expended on the
gystem itself,

2. The power supplies used with these high-speed computing

systems had to be well regulated and isolated from ocutside
disturbances.

These two coneiderations, significant as they have been in the development
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of the multiplier, assume even more importance when one starts to study
computer reliability and methods of minimizing computational errors
which occui' over extended periods of time,

At the time of writing, the multiplier project is entering &
second phase aimed entirely at a study of the reliability of computers.
Th;are is no doubt that this factor is the most important one in the
minde of those who plan to use digital computers, and yet the history
of the fleld contains little evidence that present reliability is
adequate for the jobd.

The five-digit multiplier can contribute valuable information
to the fund of knowledge avallable on the question of computer reliability.
To this end, it is recommended that every effort be made to étudy the
existing state of reliability in the multiplier circuita, and that
adequate measures de taken to improve tﬁe situation by means of marginal
checking, improved tubes, and more relliabdle test equipment as the need
arises. The work on this portion of the program has just been started.
At present, indications are that considerable effort will have to be
expended to isolate those portlons of the sgystem causing trouble. These
troudles are of the non-recurring isolated variety, and do not point to
any particular plece of equipment or location in the computer. The
function of marginal checking will be to change these intermittent
failures to permanent recurring ones which will make 1t possidle to
isolate the sources of the error and correct the cause of it.

The reliability problem, therefore, must receive the same eé.mest

attention as the original multiplier design and testing received. Itas
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golution is vital if electronié computers are to £ill the role which

has been outlined for them.

—_—
Signed 1{{ /e %A""

Norman H. Taylor-q T

Lot £ kitbre,

Robert R. Rathbone

Approved
’ Jay W. Forrest eﬂ

NHT': RRR: mms
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APPENDIX 1

COMPONENT CIRCUITS

‘ The component circuits mentioned in Section 3.11 which were
used to design the five-dlgit multiplier system are dlscussed in the
following paragraphs.

The F]‘;E.Flogs

The development of a flip-ﬂojo for storing a 1 or a 0 and
switching from one state to the other in a minimum time is a fundamental
problem in tﬁe WWI programQ " This flip-flop problem is a continuing one,
as the reliability and long life of the circuit will determine to a
major exient the. success of the computer. At the start of the multiplier
project, the flip~-flop which was available used two GAG7 tubes in a
circuit shown in Fig. 3. This circuit will switch ih 0.2 microsecond.

It may be complemented in the cathode, or reset on either the 1 or O side
by pulsing the gride. The output voltage is adequate to open or close
gate circuits or to switch channels in a crystal matrix.

: 1, 11, 17
The Gate Circuits

The gate circuit provides the channels through which conirol or
signal pulses may pass. Tﬁe ‘basic requirements are:
1. Whgn opened by its flip-flop on one grid, the gate tube will
allow a pulse at another grid torass through.
2. ";hen it is closed, the incoming pulse is rejected.
3. The action 6f opening or closing the gate must not produce

a spurious pulse.
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The most satisfactory circuit at the beginning of the projesct
was built around a W.E. 6A$64 gate tube. The circuit in Fig. 4 will
pass a pulse when the No., 3 grid 1s allowed tc go to O volts with
respect to its cathode, and reject a pulse when the No. 3 grid is held
below -10 volts. In the multiplier circuit the No. 3 grid is control.led
by the signal from the flip-flop. The No. 1 grid, normally biased off,
is driven on by incoming pulses. This arrangement provides a favorable
duty factor, allowing low screen dissipation.

The 4-Position Matrix Swit cl‘l3

This matrix, shown in Fig. 5, selects one of four gate tubes
for each of the four conditions of sh;lft and carry. The buffer amplifiers
are necessary to drive the capacitance of the matrix at a rapid switching
rate. The resistors R, 32. Rz, R) are plate-load resistors for these
BA's. The action is as fﬁllows: For each of the four shift-and-carry
conditions two BA's are conducting. In the 0/0 case, BAl conducts and
draws current through R3 and Rl}" There is no current in 31 and the
potential of line one is at the B + level, all other lines being at a
lower level due to the voltage drop in Ry, 113. ‘and RN»‘ Line one becomes
therefore the selected line and lines 2, 3, and U unselected. Gate tube 1

is opened and ready to pass a control pulse. The other three conditions

0/1, 1/0, and 1/1 open gates 2, 3, and 4 in order.
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APPENDIX 11

COUPLING METHODS

' Designing the circuitry for the shift-and-carry function
brought into focus the question of coupling betweeﬁ flip-flops, buffers,
matrix, and gates. Direct coupling seemed to be indicated, as no 1limit
could be get on the time, whether microseconds or minutes, that & given
flip-flop would be asked to hold a glven number. Early design efforts
clearly indicated, however, that direct coupling would havg gerious
limitations. The regﬁlaxion requirements of plate power supplies
became very stringent, as flip-flop or buffer plate voltage determined
the bias of an associated gate tube. To allow for power supply variations
and also tube deterioration, considerabdble o§erd§sign became necessary.
This caused power requirements again to increase, and regulation problems
became more difficult.

" The above problems indicated that a new approach was needed, so
the a-c coupling method was conceived. This system makes use of the
Germanium crystal in é clamp circuit and provides a method of qoupling
which is independent of the absolute voltage level of each stage.
Cascading power supplies are @héreby eliminated.

Most arithmetic operations occur in time spans of from 10 to 50
microseconds, and condensers used to couple adjacent circuits are
capable of holding the proper voltags for this period of time. If we
restore the emall charge which is lost during this period before we
start on the next operation, we have achieved an a-c coupling method with

no limitation in frequency response.
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A simple comparison of the d-c and a-c coupling methods will
gerve to illustrate.

The D-C Case

In the circuit of Fig. 8(A) a conventional flip-flop is dec
coupled to its gate tube.. With V2 conducting, the drop across R2 is
large and the voltage at point P is 90 volts. The gate-tube suppressor,
d-c coupled to this plate, will likewise be at 90 volte. If now the
cathode of the gate is held at 120 volts, the gate will be closed and
pulses on No. 1 grid will fail to pass through. When the flip-flop is
reversed, V2 does not conduct; the plate voltage risee to approximately
120 volts and the gate circuit is opened to allow pulses to pass.

The A-C Case

Bi inserting a condenser and crystal as a coupling network
between the flip-flop and the gate as shown in diagram B, Fig. 8, it is
possible to eliminate the d-c coupling, providing that we supply reétorer
pulses to the flip-flop at periodic intervals. These restorer pulses
(Graph 2, Fig. 8) reverse the position of the flip-flop and then return
it to its original position in an interval of 1 microsecond. This process
provides a voltage pedestal (Graph 1) on the plate of the flip-flop which
passes through the coupling condenser to the grid of the gate ;ube.

If we use a resistor at this gate-tube grid, the voltage pedestal
ez will appear as in Graph 3. The .average voltage developed is O volts
with no charge accumulating on the coupling condenser. This is not the
case when a crystal is substituted for this grid resistor. The crystal

will exhibit a resistance value which depends on the voltage across it,
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and the coupling condenser will charge more rapidly in one direction
than the other. The back-to-front resistance ratio of crystals is
high, of the order of 10,000 to 1, @d the charge on the condenser
accumulates rapidly in one direction. |

In the circuit shown, the condenser will develop a negative
bias of 30 volts when subjected to the voltage pedestal of 30 volts
developed at the flip-flop (Graph 4). This 30-volt bias will

effectively cut off the gate tube when its cathode is at ground.
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AFPENDIX I11

PUSH.BUTTON PULSE CIRCUIT

In order to achieve push-button operation, the following
requirement s. must be met: |

1. A single pulge must be generated, 0.1 microsecond long

and completely independent of the ra.tey of pushing the
button.

2. The single pulse must occur at some time after the

restorer interval not closer than 0.5 microsecond to a
restorer pulse.

Two dual-grid thyratrons, 2D21's are employed. The first
receives its plate voltage through a normally closed contact on the pushe
button switch. When the button is pushed, B+ is removed but a condenser
at the piate holds a positive charge. Simultaneously the No. 2 grid is
grohnded, removing the bias on the tube and putt‘ing it in a condition
for“conduction. Conduction does not occur, however, as the No. 1 grid
i1s blased below cut off. During the next 10-microsecond period, restoration
of the system does occur and a sync pulse arrives at the No. 1 grid. The
tube now conducts, as both grids are at 0 volts. The duration of
conduction 18 short d:;e to fhe disconnected B+ . All the energSr. 1n‘
the condenser is used to generate a single pulse, satisfying the first
requirement. _ |

Th1.e pulse now passes thru an RC delay circuit and triggers a
second thyratron at a time later than the i-estoration interval, satisfying

the second requirement. The plate of this tube is loaded with a coil and



Page M1

condenser to produce a pulse in its cathode circuit, which 1s coupied
to an output amplifier for distribution. The output pulse is about

0.1 microsecond in width due to the action of the pulse-forming circuit.
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APPENDIX IV

FUNCTIONS OF THE SHIFT-AND-CARRY PULSE
(Refer Page 27)

1. Pulsing the Shift-and-Carry Line
(a) To shi?t the partial product one digit to the right.
(b) To clear partially all carries so that no 1/1 combinstions
exist, and another addition mey be pei'formed without
overflowing the capacity of the AC register.

2, Pulsing the Shift-Right Line (Shifting the Multiplier)

All five B-register flip-flops control 1 and O output gates.
Except in digit 5, which has been examined earlier, these gates are
connected to the set and clear inpute of the flig.flop next to the right.

In the problem 25 x 31, when the ahift#-riéht line is pulsed, ER1
coﬁtahis a 1 and the shift-and-carry pulse becomes a l-to-right pulse.
BR2, 333, and ER4 contain 1's and pass similar pulses. The delay incurred
by the gate action in this register is not sufficient for complete
clearance of the flip-flops; therefore, a short delay period is added.
Simultaneous puising of the shift-and-carry line and the shift-right line
causes a 1 t‘o arrive in BRl from AC5 immediately after the former shifts
its contents to the right (See Figi. 23). The indicator array in Fig. 20
now shows:

BR 11111

The waveform under clock pulse 2 also shows that BRS has been switched
from & O to a 1. This number is the new right-most digit of the multiplier

and indicates that the next operation will be add.



Fage U3

3. Pulsing the Step Counter

The third function of the shift-and-carry pulse is to add 1 to
the step counter. 31nce five shifts are necessary to perform the
multiplicatibn. the right-most digit of the multiplier (BRH) is sensed
and, if found to be a 0, permits the pulse to pass through the O gate
and add 1 to the step counter (Fig. 24). When five pulses have been
rassed by this gate, the counter returns to ¢ 0 0, an end-carry pulee
switches the multiply-switch flip-flop to O, and the multiply gate is
closed to all clock pulses.

The step counter used in the multiplier is composed of three
flip-flops and three gates. Their arrangement in block is shown in
Fig. 24; the circult schematic, in Fig. 25.

In order to count five shifts and produce an end carry, the
counter 1s preset to Ol1l (the lighte show 110). The first shift-and-
carry pulse finds gate 1 open, passes through, and simultaneously triggers
FFl to a 0. It also finds gate 2 open, passes through, and triggers F2
to a 0. CGate 3 is closed and FF3 is triggered to a 1.

The counter indicator lights now read O 0 1 (Fig. 20,A clock

pulse 2).



Page 4i

APPENDIX V "

THE WHIFFLETREE

In the discussion of binary multiplication, it was stated that
computing speed in Whirlwind circuits is greatly increased by combining
the operations of shift and carry. The multiplier does this by means of
a circuit known as the "whiffletree" (See Fig. 22). The whiffletree
contains four channels to provide for any combination of 0 and 1 in the
accumulator and carry flip-flops. The table below which refera to Fig. 22,
shows the content of the carry and AC for each chammel as the circult is
pulsed, the shift operation effected, and ‘the FFs' content after shifting.

CHANNEL CARRY CONTENT AC CONTEN' SHIFT IN AC FP'S AFTER SHIFT

1 0 0 0 to right carry O, AC O
2 (v} 1 1 to right carry O, AC O
3 1 0 1 to right carry O, AC O
N 1 1 0 to right carry 1, AC O

Whiffletree Channels
Electronically, each channel uses two gates. The AC flip-flop
controls the first gate; the carry flip-flop, the second. The following

table gives the gates used for each channel in Pig. 22,

CHAFNEL GATES USED
1 33y
2 A .ﬁ
3 B B,
N Ady

Whiffletree Gates
Pigure 22 illustrates shift and carry in ACl. The shift-and-

carry pulse approaches gates A and B, passes through whichever is open,



Page U5

and arrives at either By» 32, or A, Ap. One gate in each combiixa.tion
is open depending upon the content of the carry flip-flop. The puise
passes tﬁfou@h to AC2 as either O-to-right or l-to-right. |

If any 1's exist in the four carry flip-flops when the partial
product is sﬁifted, they are added at the time of the shift. Should
this iesult in fui'ther carries, these carries are left in the respective
carry flip-flops to be added during the next shift.

Referring back to the example 25 x 31, at clock pulse 1, the
registers contain:

Carry 0000
AC 11001

Gate A in Flg. 22 1s open because the ACl flip~flop contains a 1. Gate
&) 1s open because the carry flip-flop contains a O. The shift-and-carry
pulse follow§ channel 2, eshifting a 1 to AC2 and leaving the carry flip-
flop at 0. Under clock pulse 2, Fig. 20, ACl is now O, and AC2 contains
a 1. The negative pulse at the bottom of the column is the l-to-right
j:ulse. ‘

The operation of shift and carry is executed eimilarly in AC2.
AC3 and ACH use channel 1, O-to-right. AC5 has no whiffletree switch and
ite shift-right gates are controlled by the AC flip-flop (Fig. 23). Since
the pumber in this flip-flop is & 1, the 1 gate is ogen. VWhen the shift-
and-carry line is pulsed, & 1 is shifted to BRl, where it is ‘stored as
the least signiﬁcant' portion of the anewer, |

The shift-and-carry pulsa also goes to a delay element at the

game time it pulses the shift-and-carry line. This unit is comnected to



Page 4o

to the AC flip.flop of digit 1 only; and clears it after sach shift,
With shift and carry completed, the indicator lights im Fig. 20
are as follows: |
Carry 0000

AC O0l100
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