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FOREWORD

No combination of printed words can ever do justice to the real story of an
undertaking in which codperation between men of capacity and genius is of the
essence. The development of the IBM Automatic Sequence Controlled Calculator
is such a story, with many fascinating chapters. To understand the significance
of this fruitful collaboration between the International Business Machines Cor-
poration and Harvard University one would have to trace the history of this
company, which for many years has been collaborating with leading universities
and research organizations and continuously developing and adapting its equip-
ment for use in the fields of scientific computations. Harvard University’s need
for a machine such as the IBM Automatic Sequence Controlled Calculator has
long been a matter of discussion in several of the scientific departments of the
University. Because of the well-known policy of the International Business
Machines Corporation, Professor Aiken of our staff turned to this company to
discuss the possibility of building a calculating machine. To quote from Mr.
Aiken’s own words,

“Our first contact with that company was with Mr. J. W. Bryce. Mr. Bryce
for more than thirty years has been an inventor of calculating machine parts, and
when I first met him he had to his credit over four hundred fundamental inventions
— something more than one a month. They involved counters, multiplying and
dividing apparatus, and all of the other machines and parts which I have not the
time to mention, which have become components of the Automatic Sequence
Controlled Calculator. . . .

“With this vast experience in the field of calculating machinery, our suggestion
for a scientific machine was quickly taken and quickly developed. Mr. Bryce at
once recognized the possibilities. He at once fostered and encouraged this project,
and the multiplying and dividing unit included in the machine is designed by him.

“On Mr. Bryce’s recommendation, the construction and design of the machine
were placed in the hands of Mr. C. D. Lake, at Endicott, and Mr. Lake called into
the job Mr. Frank E. Hamilton and Mr. Benjamin M. Durfee, two of his associates.

“The early days of the job consisted largely of conversations — conversations
in which I set forth requirements of the machine for scientific purposes, and in
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which the other gentlemen set forth the properties of the various machines which
they had developed, which they had invented, and based on those conversations

the work proceeded until the final form of the machine came into being.”

It is not my function in this brief foreword to attempt to summarize the
detailed history of the development of the IBM Automatic Sequence Controlled
Calculator; this has been done admirably in a little booklet published by the
International Business Machines Corporation. The readers of this and subsequent
volumes will, however, be interested in the fact that a whole series of inventions
by IBM engineers are incorporated in the machine as basic units; the names of
Mr. Bryce and Mr. Lake appear frequently on such a list. Here is a striking
example of the way in which the accomplishments of engineers of a great corpora-
tion may enrich many fields of human endeavor. While the public has frequently
been told of the ways in which advances in pure science benefit industry, all too
little is known of the way in which advances in industry benefit science. 1 hope
the story of the IBM Automatic Sequence Controlled Calculator may to some
degree right the balance.

On August 7, 1944, Mr. Thomas J. Watson, on behalf of the International
Business Machines Corporation, presented Harvard University with the IBM
Automatic Sequence Controlled Calculator. Since that date the machine has been
in constant use by the Navy Department on confidential work. Therefore, Mr.
Watson’s gift came at a time when the new instrument his company had created
was able to serve the country in time of war, before being used for the peaceful
advance of knowledge. It will serve in the future as a focal point for certain types
of mathematical work which the machine is unique in handling. I am told it is
already clear that highly significant discoveries in pure and applied science will
be possible through its use. Therefore, I cannot refrain from concluding this brief
foreword by paying tribute to Mr. Watson. Harvard is indebted to him for a
most generous gift; far more important, the scientific world is indebted to him
for the development by his company of new tools which he has ever been ready
to put at the disposal of the scientific and learned world.

James Bryant CoNANT
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In May 1944, the Staff of the Computation Project began operations with
the Automatic Sequence Controlled Calculator as an activity of the Bureau of
Ships. One of the first tasks undertaken was the preparation of a report setting
forth the coding procedures of the calculator. This was followed by detailed
plugging instructions, which unfortunately were hardly completed before the code
book was out of date. In the succeeding months, computing techniques were
developed so rapidly that stabilized operating instructions could not be prepared.

At the same time, many mathematicians, physicists, and engineers requested
copies of such data on operating techniques as were available-in the laboratory.
This general and widespread interest encouraged the Staff to publish this Manual
of Operation as the first volume of the Annals of the Computation Laboratory,
rather than as a mimeographed compilation of notes as originally intended. Thus
the Manual is unusual in that it is an outgrowth of notes prepared by the Staff
primarily for their own use. The Manual is also exceptional in that it represents
the work of a great many people whose efforts have been closely integrated as is
necessary in the operation of large-scale calculating machines. Chapters I and II
represent extensions and revisions by Lt. Grace Murray Hopper, USNR, of the
writer’s old notes, many of which were written before work on the calculator was
begun. Chapter III was written by Lieutenant Hopper with the collaboration of
other members of the Staff. Chapters IV and V represent the outgrowth of the
original code book and plugging instructions prepared by the writer and Lt(jg)
Robert V. D. Campbell, USNR. Nearly every member of the Staff has made con-
tributions to these chapters, but Lt(jg) Richard M. Bloch, USNR, especially
should be mentioned. Chapter VI is made up of the solutions of elementary
examples chosen from those assigned by the Officer in Charge to new members of
the Staff as part of their instruction in the use of the calculator. Those given
in Chapter VI were largely the work of Lt(jg) Brooks J. Lockhart, USNR.

The bibliography of numerical analysis is the result of the library work of
the Staff in connection with the problems assigned to the project. Work on the
bibliography was begun by Lt. Comdr. Hubert A. Arnold, USNR, and completed
by Lt. Harry E. Goheen, USNR, assisted by Ens. Ruth A. Brendel, USNR.
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The appendices were prepared by Lieutenant Hopper with the assistance of
Ensign Brendel, Robert L. Hawkins, and Eunice H. MacMasters. Mrs. MacMasters
drew all the figures and diagrams in the book. Ruth G. Knowiton and Frank L.
Verdonck, Y1/c, USNR, are responsible for the typography. The photographs of
the calculator and the films from which the plates for printing the book were
made are the work of Paul Donaldson, photographer of Cruft Laboratory. Lieu-
tenant Hopper also acted as general editor, and more than any other person is
responsible for the completion of the book.

In less than two years, twenty-three reports were completed for the Bureau
of Ships. On the first of January 1946, the project was transferred to the Bureau
of Ordnance under whose cognizance it is now functioning. The gratitude of the
Staff is extended to the Bureau of Ordnance and to the Bureau of Ships for the
privilege of working with the calculator.

This Manual was made necessary by the existence of the calculator itself.
The writer therefore takes this opportunity to express his appreciation to Thomas
J. Watson, President of the International Business Machines Corporation, for his
support during the years the machine was under construction, and to C. D. Lake,
F. E. Hamilton, and B. M. Durfee, engineers of the company, who together with
the writer are the coinventors of the machine.

Howarp H. AIkKEN
Commander,USNR
Officer in Charge
Cambridge, Massachugetts
March 1946
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I Calculating Wheels designed by Charles Babbage



CHAPTER I
HISTORICAL INTRODUCTION
"If, unwarned by my example, any man shall undertake and shall succeed in really
constructing an engine embodying in itself the whole of the executive department of mathe-
matical analysis upon different principles or by simpler mechanical means,I have no fear

of leaving my reputation in his charge, for he alone will be fully able to appreciate the

nature of my efforts and the value of their results,”

Charles Babbage
"The Life of a Philosopher" (1864)

The desire to economize time and mental effort in arithmetical computation, and to eliminate
human liability to error,is probably as old as the science of arithmetic itself. This desire has led to
the design and construction of a variety of aids to computation beginning with "groups of small objects
such as pebbles, used first loosely, later as 'counters' on ruled boards, and later still as beads
mounted on wires fixed in a frame, constituting the abacus" .1

It seems most likely that the abacus originated in the Tigris-Euphrates valley,2

and that its use
traveled both east and west along the routes of the caravans. Elaboration of the instrument and later
development of the techniques of its manipulation made it applicable to multiplication, division, and
even to the extraction of square and cube roots, as well as to addition and subtraction for which the
instrument was probably originally intended. Indeed, the abacus, despite its ancient origin; is still
in use by the oriental peoples, This longperiod of utility is due notonly to the simplicity of the instru-
ment, but also due to two fundamental notions inherent in its construction. Place significance, or the
use of iero to signify an empty column,is provided by the several wires on which the beads are strung.
Moreover, the principle of carry, whereby the (n + 1)st column is increased by one when the nth has
become exhausted, is applied in adding,

After the invention of the abacus, five thousand years elapsed before the next computational aid
was developed, During this time, gears and pointers were used inthe design of clocks. These machine
elements, and more especially a wheel which at the end of a complete revolution gave impetus to a
second wheel, paved the way for the development of calculating machinery.

In 1617, John Napier, following his invention of logarithms, published an account of his number-

ing rods, known as ¥ Napier's bones" .3 Various forms of the bones appeared, some approaching the
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beginning of mechanical computation., Subsequent to the introduction of logari
was developed by Oughtred (1630), Everard (1755), Mannheim (1850) and others. The slide rule re-
ceived wide recognitionfrom scientists as early as 1700, Particularly in engineering design, the slide
rule has proved an invaluable instrument. It has been increasingly applied to the solution of problems
requiring an accuracy of not more than three or four significant figures and where the total bulk of
the computation is not extensive. The slide rule is probably the most useful computational aid so far
devised; its low cost, ease of cohstruction, and the simplicity of its principle of operation and of its
use, make the instrument of primary importance. The slide rule is probably the ancestor of all those
calculating devices whose operation is based upon an analogy between numbers and physieal magni-
tudes, in which the computed results are obfained by physical measgrementss Many such analogy
devices have since been constructed, Examples of these are the planimeter, integraph, Kelvin's tide
predicter ar{d finally the differential analyzer. Allanalogy devices, like the slide rule, are limited to
the accuracy of a physical measurement,

It was Blaise Pa.sca.l5 who, in 1642, designed and built the first mechanical adding machine in
the modern sense of the term. Incidentally, it should be noted that Pascal's machine was designed not
to further scientific research but rather for usein his father’'s mercantiie business, It was an account-
ing machine and as such was the forerunner of the modern accounting machine and cash register. The
design of Pascal's machine depended upon rotating wheels and provided for carry by mechanically
turning the wheel of next higher order one position when the lower passed from nine to zero, The
direct actuation of a numberedwheel and the secondary feature of effecting carry (which seem to have
been first used in an adding machine by Pascal) are the foundation onwhich nearly all mechanical cal-
culating machines have éince been constructed,

Naturally, any machine designed for addition may also perform subtraction by means of comple-
mentary numbers. The complement on ten of a number is that second number which must be added to
the first in order to obtain a power of ten. The complement on ten of a number may be read off from
left to right by taking the complement on nine of each successive digit except the last on the right, of
which the complement on ten must be taken .v Thus the complement on ten of 7528 is 2472, If it is de-

sired to subtract 7528 from any number, for example, 38421, the work may be written,
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38421 - 7528 = (38421 - 10000) + (10000 - 7528) = 28421 + 2472 = 30893.
This procedure may further be simplified by the use of complements on nine and "end around carry" 5
End around carry implies carry from the highest column of a machine to the lowest column of the
machine, The complement on nine of 7528 in a six column machineis 992471, Subtraction now becomes

038421 + 992471 + 000001 = 030893, »
where the third term, 000001, is supplied by end around carry,

If any number, 007364, is added to 999999, operation of the machine will yield,

999999 + 007364 + 000001 = 007364,
where the third term is again the result of end around carry. Since,under these conditions, 999999 is
a number having the properties of zer§ for machine purposes, the complement on nine of any number
may be adopted as the negative of the number, Clearly, an n digit calculating machine must be sup-
plied with (n + 1) columns, the highest being reserved for the algebraic sign, zero and nine being
positive and negative respectively,

The next major development in xﬁechanical aids to numerical computation came in 1666 when
Samuel Morlandl7 built a machine similar to Pascal's, adapted to multiplication by repeated addition.
Independently, in 1671, Leibnitvz8 conceived a multiplying machine and finished it in 1694, In Pascal's
machine the wheels were set and turned individually by hand; in Leibnitz' machine all wheels were
set and turned simultaneously by a crank to a previously determined position. In the "stepped reckoner’,
Leibnitz added a device which still occurs as a component part of modern calculating machines.

In theyears fhat followed, methods of carrying were refined and calculating machines soon added

by a process not used by the human mind, The addition of two numbers, 3279 and 8935, requires the

following mental steps:

3279
8935
4  add units digits
1 carry
14  add tens digits
1 carry
214  add thousands digits
1 carry
2214  add ten-thousands digits
1 carry
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in adding two numbers, a machine may add all digits simuitaneously, store
bers and then perform all carrying operations simultaneously. For example,
3279
8935

1104 sum without carry
1111 carry numbers

12214
Thus the machine consumes not more than two steps for any addition,no matter how many significant
digitsb there may be in the terms of the addition.

From the seventeenth century on, it was even more evident that precisé and rapid methods of
computation were required. The computation of tables of logarithms demanded by Napier's discovery,
of tables of sines and cosines, of tables of tides needed by faster and more extensive navigation and
of the astronomical tables envisioned by Kepler, accentuated this need. Among many others, Gauss,
Cayley, Tchebychev, Maxwell and Kelvin all attempted to devise or improve computational aids .9 Natu-
rally these men all considered mechanical calculation largely from their own point of view,the desire
to further scientific advancement, Despite this widespread interest, the development of modern cal-
culating machinery proceeded slowly until the growth of commefcial enterprise and the increasing
complexity of accounting made mechanical computation an economic necessity. Thus the ideas of the
physicists and mathematicians, who foresaw the possibilities and gave the fundamentals, were turned
to excellent purposes, but differing greatly from those for which they were originally intended.

It was not until just before the beginning of the nineteenth century that any attempt was made to
build highly specialized calculating machines designed for the mathematical and physical sciences. A
Hessian military engineer, J. H. Miille!',10 seems to have had the first idea of a difference en.gine in
1786. But this idea remained in a purely theoretical state and was without doubt forgotten when, in
1812, it occurred to Charles Babbage and he set about the actual construction of such an engine.11
This engine was to "perform the whole operation-(the computation and printing of tables of functions)
~without any mental attention when once the given numbers have been put into the m:-xchine”.12 A first
model was built in 1820-22 and consisted of six columns using second differences. In 1823, the con-
struction of an engine using twenty-six significant digits and sixth differences was begun with the aid

of a subvention from the British government. The construction continued until 1833 when the govern-
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ment aid was withdrawn, The unfinished machine is preserved in the collections of the Science
Museum in South Kensington. It should be borne in mind that the diffefence engine, although a highly
useful scientific instrument, was still a specialized machine being intended for the sole pwpoge of
‘ tabulating the values of a function for equidistant values of the argument,
Having been unable to complete the difference engine, Babbage embarked upon the creation of a
far more ambitious concept, an " analytical engine " .13 Though the terms of the problem proposed
‘were enough to stagger the contemporary imagination, he attempted to design a machine capable of
carrying out not just a single arithmetical operation, but whole series of such operations without the
intervention of an operator. The numbers in the first part of the machine, called the "store", were to
be operated upon by the second part of the machine, called the "mill", A succession of selected oper-
ations were to be executed mechanically at the command of a "sequence mechanism" (a term unknown
to Babbage). For this latter, he intended to use a variation of the Jacquard cards.14

These cards,lsthe precursors of Hollerith's punched cards, were used by the Jacquard weavers
to confrol the looms to produce and reproduce the patterns designed by the artists. The designs were
first sketched as they were to appear in the finished product, transferred to squared paper and used
as guides for punching the cards. The cards allowed certain needles to be extended through the punched
holes, thereby controlling hooks which, in turn, raised particular warp threads to produce the desired
pattern. In order to continue the weaving of the same design, the cards were interlaced with twine in
an endless sequence so that one card was brought into position immediately after another was used.
Holes were punched for the lacings as well as for the pegs which guided the cards over a cylinder,

In adapting these cards for use in his machine, Babbage required two decks: one of variable
cards and one of operational cards, The first set was designed to select the particular numbers to be
operated upon from the store; the second set, to select the operation to be performed by the mill, The
deck of operation cards therefore represented the solution of a mathematical situation independent of
the values of the parameters and variables involved, Thus the analytical engine was to have been
completely general as regards algebraic operations.

In order to use selected values of transcendental and other functions, the engine was to be equip-

ped with a mechanism to call for such functions, Having stopped and rung a bell, a certain part of the
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machine would indicate that a particular value of a particular function was required. The a.,endant
would then insert a punched card containing the desired function and its argument, The machine then
checked the card to make sure that it was the one requested, by subtracting the argument of the in-
serted card from the argument standing in the machine. If the difference was zero, the engine would
continue its computation, If an incorrect card was supplied, the engine would "ring a louder bell and
stop" .16

As in the difference engines, the analytical engine was to print its own results, Further, a
mechanism was to have been added for punching numerical results in blank cards for future use. In
this way, th;a engine could compute the tables required and punch its own cards " entirely free from
error” .17

In 1852, Charles Babbage said: "At'a period when the progress of physical science is obstruct-
ed by that exhausting intellectual and mental labor indispensable for its advancement, which it is the
object of the Analytical Engine to relieve,I think the application of machinery in aid of the most com-
plicated and abstruse calculations can no longer be deemed unworthy of the attention of the country.
In fact there is no reason why mental as well as bodily labor should not be economized by the aid of
machinery".18 He felt most strongly that the time must arrive when no table would ever be calculated
or printed except by machine. It was of the utmost importance, he thought, to accelerate the arrival
of the time, "when the completion of a calculating engine shall have produced a substitute for -(manual
computation, so that)-the attention of the analysts will naturally be directed to simplifying its appli-
cation by a new discussion of the methods of converting analytical formulae into numbers”.”™”

In 1834, George Scheutz.,zoa printer in Stockholm, built 2 less ambitious difference engine with
the aid of a grant from the Swedish government, The machine was completed in 1853 and used for the
computation and printing of tables of logarithms, sines and logarithms of sines. It was exhibited at
the Paris exposition in 1855 and later became the property of the Dudley Observatory in Albany, New
York. From Sweden also came Wiberg's difference machine21 (1863) which was presented to the
Academy of Sciences in Paris by the astronomer Delaunay.

One of the first Americans to build a difference machine was G.B.Grant of Cambridge, Massa-

22

chusetts, who needed a machine for his " computing for excavation and embankment ", Encouraged
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in his designs by Professor Wolcott Gibbs of the Harvard Mining School, Grant successfully built a
small model in 1871 under Professor Benjamin Peirce,then superintendent of the Coast Survey. This
machine was designed to contain the usual caleulating and printing parts contained in Babbage's and
Scheutz' engines, but with considerable improvement in the 'printing mechanism.23 Grant's indebted-
ness for assistance in his study was expressed to John N. Bachelder of Cambridge and to Professors
Eustis, Winlock, and Whitney of Harvard,

In 1893, Torre524 restated Babbage's problem: to construct a purely automatic calculator capa-
ble of carrying out any succession of arithmetical operations on any given numbers, without human
intervention from the time when the operations have been indicated until the time when the machine
sends the results to a printing device, Torres had available electro-mechanical counters and both
electrical and mechanical controls. He gave a solution to the problem and proved that such a machine
was theoretically possible, although his solution was not free from certain complications due to the
multiplicity of the electrical connections assumed.

Despite the partial successes of Scheutz, Wiberg and Grant, the problem of designing calculating
machinery was abandoned by the students of science and left in the hands of the inventors. For the
purposes of accounting, these men, both in this country and abroad, with the aid of the improved ma-
terials and tools created during the industrial revolution, succeeded in bringing key driven calculating
machines to a high state of perfection. The use of punched cards as a means of storing numbers and
all the associated mechanisms, developed by Bryce, Carrol, Lake, Hamilton, Daly and Durfee of the
International Business Machines Corporaﬁon brought the possibility of scientific calculating machinery
again into a position where the situation could be viewed with some hope of success.

In 1906, H. P, Babbage, son of the philosopher, completed a part of the analytical engine. A table
of multiples of x which it computed to twenty-nine significant digits was published as a specimen of
its work.25 Clearly then, Babbage's failure to complete either of his projects himself was not due to
a lack of understanding of the principles and purposes of the engines that he designed, but rather to
his lack of machine tools, materials of construction and electrical circuits. Of these deficiencies, the
first was probably the most important, Also, Babbage was a "natural philosopher”.26 His machines

were perforce built by hired engineers.27 He himself was not " well-acquainted " with the medium in
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which he chose io Wcrk.zs Therefore, though his principles were theoretically sound and though he

was successful to a limited extent, it remained for the twentieth century and the evolution of advanced

mechanical and electrical engineering to bring his ideas into being.
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CHAPTER II
DESCRIPTION OF THE CALCULATOR
"Interpolation ist die Kunst zwischen den Zeilen einer T:ﬁel zu lesen." .
T, N, Thiele
"Interpolationsrechnung". (1909)

Although a method of interpolation bearing some resemblance to modern central difference
formulae was used by Briggs1 in 1624, it was not until 1670 that James Gregory2 introduced the notion
of interpola.tion based upon the representation of functions by means of approximating polynomials.
The use of approximating polynomials reduced the whole problem of the tabulation and subtabulation
of functions, over a limited range of the argument, to the arithmetical operations of addition and sub-
traction alone, once the necessary initial differences were established. Thereby the basic principle
was given for the operation of the difference engines briefly mentioned in the foregoing chapter.

Further development of the theory of interpolation by Newton, Stirling and others laid the foun-
dation for the Calculus of Finite Differences set forth as a new branch of mathematics by Taylor in
171 53. Since that time the subject has been increasingly developed so that now a variety of techmques
are available for numerical differentiation and for the numerical evaluation of definite integrals. The
latter include the formulae of Gregory, Cotes, Euler-Maclaurin, Simpson, Weddle, Gauss, Tchebychev
and Stefiensen4.

In 1883, Adams and Bashforth5, using the methods of finite differences, devised a technique for
the numerical solution of ordinary differential equations. This has beeniollowed by many other methods,
that given by Runge in 18956, and improved and extended by Kutta in 19017 being, perhaps, the best
known, More recently methods have been given for the numerical solution of partial diffe‘rential
equations. The extension and application of these methods present one of the most important prob-
lems in mathematics at the present time, |

In every case, the effect of the numerical metheds has b'een to reduce the processes of mathe-
matical analysis to a sequence of the five fundamental operations of arithmetic: addition, subtraction,
multiplication, division and reference to tables of previously computed results, Thus the calculus of

finite differences has become the bridge between mathematical analysis and numerical computation,
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Unfortunately, the application of numerical methods is attended by a relatively great amount of compu-
tational labor, so that while existing types of calculating machinery are sufficient from a theoretical
viewpoint, they are entirely inadequate from a practical standpoint. It is for this reason that the
Automatic Sequence Controlled Calculator has been constructed,

In 1937, the calculator was visualized " as a switchboard on which are mounted various pieces
of calculating machine apparatus. Each panel of the switchboard is given over todefinite mathematical
operations.”8 Tt stands today much as originally imagined, in a stainless steel and glass case, fifty-
one feet long and eight feet high, (Plates II and ’I[I). Two panels, each six feet long, extend at right
angles from the back of the machine. Between these two panels is the four horsepower motor which
drives the mechanical parts, (Plates IV and V). Altogether the machine weighs about five tons,

The calculator is equipped with a céntral multiplying and dividing unit together with seventy-two
adding-storage registers and sixty constant registers corresponding tothe mill and store of Babbage's
proposed analytical engine. In addition, the machine is supplied with electro—mechanical tables of
log 1 Ox, 10* and sine x. Three non-linear interpolator units are capable of interpolation of any order
up to and including the eleventh, on functions supplied to them in the form of perforated paper tape,
Other computing elements included are: two card feeds for supplying the machine with empirical or
other data, a card punch for punching results in tabulating machine cards, two automatic typewriters
for recording computed results and an automatic sequence unit having control of the machine as a whole.

The sequence control unit, shown in Plate VI, consists of a maindrive sprocket drum over which
runs a perforated paper tape, called a control tape, together with such gears, cams and clutches as
are necessary to advance the drum and tape one line of perforations at a time. The tape is strung on
racks in back of the machine as shown in Plate VII and held taut by a roller just below the sequence
mechanism, The sequence unit is equipped with a set of twenty-four sensing pins, controlled by a
crosshead, which are advanced at the end of each forward step of the tape to detect the distribution of
holes in one line of the tape and to close electric contacts in the same distribution,

Each horizontal line of the tape has space for twenty-four equidistant holes, these being con-
sidered as three groups of eight holes each,known as the A, B and C groups, (Plate VI)., The A group

of holes controls the " out-relays " by means of which all units in the machine are connected to the
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central distribution buss over which nu

1bers are transierred irom one uni
timed electrical impulses later tb be described, The B group of holes controls the "in-relays" of all
of the units in the machine, These also conject the units to the central distribution buss, and when
closed, permit the egress of numbers from the buss into the units, Finally,the C group of holes repre-
sent, in general, an operation to be performed on the number in unit A in connection with the number
in unit B.

Each horizontal line of holes perforated inthe tape is the equivalent of a single spoken command,
"Take the number out of unit A; deliver it to unit B; start operation C." Since the A, B and C groups
of perforations each contain eight holes, the maximum number of out,in or miscellaneous operational
relays which can be controlled by the machine is 28 - 256 each, The maximum possible number of
commands which can be represented by a single line of holes is 224 = (256)3 = 16,777,216, Actually,
many of these are not used, and many others are invalid because of special features to be made clear
in Chapter IV on Coding. The number of combinations of coded perforations in use at present is con-
siderably smaller than the maximum possible number, In any event, a very great many possibilities
are available in each line of perforations. Since the number of consecutive lines of holes is in no way
limited, it is apparent that control tapes may be provided with great generality. The reiteration of
the single command, "Take the number out of unit A; deliver it to unit B; start operation C", permuting
A and B over the various units of the machine, while changing the nature of the operation C, is suf-
ficient to guide the machine through any problem of mathematics capable of reduction to the five
fundamental operations of numerical analysis.

At the left of the machine, as well as at the left of Fig, 1,are the sixty constant registers, Each
cbnstant register consists of twenty-four manually set ten-pole dial switches designed to accommodate
twenty-three digits and the algebraic sign. Because of their composition, the constant registers are
commonly known as the sixty "switches". Each constant register or switch is connected to the buss
through its out-relay, (Plate VIII), and each is connected to the common transfer terminal of the storage
register invert relay. The normally closed and normally open contacts of this relay are in turn con-

nected to thedirect and invert cam controlled contacts, respectively, which furnish the timed electrical

impulses necessary to the transfer of numbers via the buss,
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To the right of the switches, Fig. 1,are shown diagrammatically the seventy-two storage regis-
ters. Each storage register consists of twenty-four electro-mechanical counter wheels, The storage
registers, usually referred tov as "storage counters” or more briefly as "counters", have electrical
connections similar to those of the switches, In addition, each storage counter is providedwith an in-
relay connected to the buss,a complete setof carry controls and a connection to the negative terminal
of the generator,

Plate IX shows a close-up view of twelve columns of the storage counters 16and 17 as seen from
the front of the calculator while Plate X shows the relays associated with storage counters in general
and mounted at the back of the machine,

Eachregister in thecalculator is provided with a codenumber, The code number
counters 1, 2, 3, ..., 71, 72 are 1, 2, 21, ..., 7321, 74 respectively, while the code numbers of switches
1, 2,3, ..., 59, 60 are 741, 742, 7421, ..., 821, 83 respectively. Similarly, all operations in the cal-
culator have assigned code numbers. For example, code 32 in the operational or miscellaneous group
C controls the storage counter invert relay, and hence is the-mathematical equivalent of a minus sign, -
A complete discussion of all codes will be found in Chapter IV on Coding; the few here given will suf-
fice for present purposes.

Now let it be required that the number x in storage counter number 3, code 21, be added to the

number y in storage counter number 71, code 7321, This operation may be written,

OouT IN MISC.

Take x from ctr, 3 and add it into ctr, 71, 21 7321

On the other hand, if it is required to subtract x from y, the coding will be written,

ouT IN MISC,

Take x from ctr. 3 and by means of the invert relay add 21 7321 32
its complement on nine to ctr, 71; i.e,, subtract x now
in ctr, 3 from y in ctr. 71,

Returning to Fig. 1, the perforations in the control tape corresponding to code 21 in the Out
column, as interpreted by the sequence mechanism, cause the closure of the out-relay of counter 3,
while the code 7321 in the In column causes the closure of the in-relay of counter 71, The blank in

the Miscellaneous column of the coding is interpreted as a plus sign leaving the storage counter invert
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relay in its normally closed position. Thus a complete electrical circuit exists beginning at the posi-
tive terminal of the generator, passing through the cam contacts; through the normally closed contacts
of the storage counter invert relay into counter 3;through counter 3 and its out-relay to the buss; from
the buss to counter 71 through its in-relay; through counter 71 and finally back to the negative termi-
nal of the 'generator. Hence, the timed electrical impulses produced by the cam contacts are enabled
to transfer the quantity in counter 3 to counter 71 and bring about addition. The detailed mechanisms
by which this is accomplished will be described in Chapter III.

When it is required to subtract x from y, the whole operation is the same except that code 32
in the Miscellaneous column causes the storage counter invert relay to transfer its contacts, This
causes the complement on nine of x to be read out into the buss instead of x itself, Since all storage
counters are equipped with complete carry controls, including end around carry, addition of the comple-
ment on nine completes the process of subtraction as demanded in the example.

Before further considering the functions of the storage counters, it is necessary to discuss
briefly the means by which the calculator is kept in continuous operation, Most mechanisms, once
started, remain in operation until signalled to stop. By contrast, the calculator continues in operation
only so long as the command "continue operation" is repeated, cycle by cycle, and immediately stops
on the first occasion on which this command fails of being giv_en. A T in the Miscellaneous column of
a line of coding instructs the sequence mechanism to continue operation; i.e., to read the next line,
act upon it and step to the line beyond. Every line of coding must contain a 7 in the Miscellaneous
columﬁ orits equivalent in the form of some other automatic continue operation code, Since the storage

counter codes are not such "automatic codes", the two examples of coding already cited should read,

ouT IN MISC.
Take x from ctr, 3 and add it to y in ctr. 71, 21 7321 |7
Take x from ctr. 3 and subtract it from y in ctr, 71, 21 7321 732

From what has so farbeen said it should now be clear that the storage counters serve more than
one purpose. Each is a complete adding and subtracting machine, and functions as a storage or memory

device, thereby providing the calculator with brackets, parentheses and other signs of association as
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required in mathematical expressions. In addition, relays associated with each counter provide other
‘functions not indicated in the single line diagram, Fig. 1, for reasons of clarity. The nature of these
electrical controls will be set forth in Chapter III; however, their mathematical significance may be
given here,

‘The quantity in each storage counter may be read out as either a positive or negative absolute
value under the control of the operational codes 2 and 1, respectively,in the Miscellaneous column of
the line of coding, For example, if x lies in storage counter number 23, code 5321, and y in counter

- number 34, code 62, then |x|+y may be obtained in counter number 34 by the line of coding,

ouT IN MISC.

Add 1=l to 5. 5321 162 72

The use of absolute magnitudes provides the calculator with a means of dealing with discontinuous
functions, For example,
(x+ 1x])/2x=0o0rl,
according as x is negative or positive.
Each storage counter may be reset to zero by reading into the counter the complement on ten of
the quantity standing in the counter while the carry controls are disabled. This is accomplished for

any storage counter whose code is A, by the line of coding,

our | N | wmisc.

Reset ctr. A, A A 7

Inasmuch as a blank other than 7 in the Miscellaneous column of coding has been defined as a pius
sign, the reset coding requires further explanation. The resetting operation is one which occurs with
great frequency. To eliminate the necessity of writing and rewriting a special reset code in the Miscel-
laneous column, special wiring is included in the machine such that the duplication of a storage counter
code in both the Out and In columns of a line of coding resets the counter concerned,

Of all the computing elements in the calculator, the storage counters are the simpiest, There-
fore, it is relatively easy to alter and to add to their electrical circuits in such a way as not to interfere
with their normal functioning,but at the same time introduce added possible operations. A number of

such special operations have been required in the past, and have been permanently built intothe machine ,
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Counter 70 has been equipped with relay circuits which prefix the algebraic sign of the quantity
in counter 70 to the positive absolute value of the quantity standing in any other storage counter when
the latter is read out under the code 432 in the Miscellaneous column. This feature is especially
valuable when dealing with the interpolation of odd functions, since it is only necessary to evaluate
f(x) in order to have available f(-x) = - f(x). Counter 70 is usually called the choice counter for
reasons which are not immediately obvious. For instance, the choice counter makes it possible to
use the. two identities, ’
arctan |x] = x/2 - arctan 1/[x|,

arctan (-x) = - arctan x,

to reduce thelabor of computing f(x) = arctanx, - 0 < x <+, If |x| - 1 is read into counter 70,
and (1/|x] + |x])/2 and (1/Ix] - Ix])/2 are stored in counters B and C respectively, the addition of C
to B under control of counter 70 will give in counter B,

=(1/1xl + [x)/2 - A /1x] - |x])/2 = |x], if [x] £ 1;

=(1/Ixl + 1x1)/2 + (1/1x] - |x])/2 =1/Ix], if |x| >1.
Thus only arctan z, 0< z <1, need be computed by the machine and stored in counter D. If 7/4 and
7/4 - arctan z are stored in counters E and F respectively, the addition of F to E under control of
the choice counter gives in counter E, |

u

x/4 - arctanz - %/4 =- arctan z

- arctan [x|, if |xj £ 1;

u=%x/4-arctanz + %/4 = /2 - arctan z

/2 - arctan 1/[x], if |x| > 1.
Transferring u to counter G under control of the choice counter gives
v =arctan |x|, if 1] £1;
v = X/2 - arctan 1/ |x| = arctan |x|, if |x] >1,
It now remains only to prefix the algebraic sign of x; the choice counter istherefore reset and x read
in. Theread-outof v to counter H under control of the choice counter completes the evaluation of 1(x),
f(x) = arctan x =arctan |x]|, X2+ 0;

f(x) =arctan x = - arctan [x|, x<-0,
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Inasmuch as the manipulation of the choice counter in the computation of arctan x is typical of
many similar applications, the necessary coding will be given in detail.
Let counter A =x, counter B = (1/1x} + 1x1)/2, counter C = /x| - 1x1)/2,
switch 1 =1, switch 2 = 7/4

and counters D, E, F, G, H and 70 be reset and available for computation.

ouT | IN | mMisc.

|x| to ctr. 70 A 732 72
- 1toctr, 70 741 732 732
ctr. C to ctr. B under control of ctr. 70; ctr, B ==z C B 7432

The caicuiator now computes arctan z and deliversitto counter D,

x/4 to cir, E 742 E 7
%x/4toctr. F 742 F 7
-arctanz tocir.E D E 732
ctr. F to ctr. E under control of ctr, 70; ctr. E =u 'F E 7432
ctr. E to ctr. G under control of ctr. 70; ctr. G =v E G 7432
reset ctr. 70 732 732 7

x to ctr, 70 A 732 7
arctanxtoctr. H G H 7432

The use of the choice counter to construct discontinuous functions and to choose among two or
more functions is treated in detail in Chapter IV.

Associated with counter 71, the " multiple in-out " counter, are a special set of carry controls
‘Lich make 2 twelve column storage register out of the twelve high order columns of the counter. This
twelve column counter is complete with end around carry, can be independently reset and does not in
any way interfere with the normal twenty-four column functioning of counter 71. As shown in Fig. 2,the
multiple in-out counter has extra in- and out-relays which connect the upper twelve coiumns of the

counterto either the upper or the lower twelve columns of the buss., Mathematically, this isthe equiva-

ient of multiplying by 1 or 1012 when numbers are read into the counter and by 1 or 10712 when
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numbers are read out of the counter depending upon the operational codes employed. (See Chapter v,

Coding, Multiple In-Out Counter.) In all problems requiring less than twelve significant digits for

computation, the transfer of numbers through counter 71 permits the storage of two quantities in each

of the seventy-two storage counters, thus doubling the storage capacity 6f the machine. The function

of the multiple in- out counter is most valuable in statistical computation where the quantities dealt

with are large in number and of low accuracy.
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Just as the muitipie in-out counter doubles the storage capacity of the calculator 2 the expe

of accuracy, so do the " ganged counters", 68 and 69, double the accuracy of the machine at the ex-
pense of storage capacity. Counters 68 and 69 are equipped with special carry controls such that they
function as a single storage register consisting of forty-six columns and the algebraic sign which is
repeated in the two component counters. Since thisfeature has been proved to be of considerable value
in high accuracy computation, counters 64 and 65 have likewise been ganged together. Needlesstosay,
the inclusion of the special carry controls on counters 64, 65,68 and 69 do not interfere with their nor-
mal functions., Two lines of coding are required to make a single forty-six column addition, since the
two parts of the number must be added successively. An 8 prefixed to the ordinary read-in codes of
the ganged counters picks up the special carry controls, The addition of A + B, a forty-six column
quantity lying in counters 35, 34, codes 621, 62,to C+ D, standing in counters 69, \68,codes 731, 73,

is coded as :

ouT IN MISC.

Add A + B to C + D with special carry controls., 621 8731 7

62 873 (i

The most important of the specialized storage registers is the automatic check counter, 72,
Mathematically all checks may be reduced to determining that a given quantity c is less in absolute
magnitude than a selected positive tolerance, t; i.e., that t - le]> 0. The use of the check counter is
based upon the notion that this inequality will be evaluated in counter 72, Obviously, an end around
carry will occur when -|c| is added to t, if and only if the inequality holds. The coding for the check

procedure is:

ouT IN MISC.

Check the quantity in ctr. C against the positive T 74 7
tolerance in sw, or ctr, T,
C 74 1
64

where the code 64 is an automatic continue operation code if and only if an end around carry takes
place in the check counter, If t - |c| £0, no end around carry will take place,the machine will receive

no command to continue operation and will therefore stop.
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The registers given over to multiplication and division are shown in Plate XI. While the counter
wheels and allied controls involved in these two operations are electrically interconnected, in such a
way that both multiplication and division cannot be carried on at the same time, the basic mode of
operation is better explained in terms of two separate schematic diagrams, Figs. 3 and 4, In the case
of multiplication,the multiplicand and the multiplier are read intothe unit through in-relays connected
to the buss as in the case of the storage counters. The out-relay, however, through which the product
is read out of the multiply unit, connects to the buss through a plugboard provided to fix the decimal
point relation between the product counter and the buss,

The location of the decimal point is of no importance as fz;r as the operation of the storage
countexfs is concerned. When the operating decimal point is assumed to lie between columns n and
n + 1 in the switches and storage counters, the corresponding decimal point in the product counter
will lie between columns 2n and 2n + 1, Clearly, the product counter must contain forty-six columns

and the algebraic sign. Since only twenty-three of these columns and the algebraic sign may normally
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be read out into the buss, it is the purpose of the plugboard ricusly mentioned, to make a suitable

selection of the columns to be read out based upon the location of the operating decimal point. The
plugging must be manually adjusted before the machine is placed in operation.
Since the coding for multiplication must select the multiplicand and multiplier and deliver the

product, it consists of three lines:

ouT IN MISC.

Multiply x in ctr. 56, code 654, by y in ctr, 18, code 52, 654 761
and deliver the product xy to ctr. 13, code 431,

52

431 7

There are no 7T's in the Miscellaneous column of the lines of coding selecting the multiplicand and
multiplier and delivering them to the multiply unit. These are omitted because the code B 761, the
multiply code, is an automatic continue operation code and therefore replaces the 7's. No longer
does each line of coding correspond to a single operation of the machine, The first line of coding de-
livers the multiplicand to the multiply unit, and turns over control of the calculator to a subsidiary
sequence conirol within the mulfipiy unit itseif, The unit builds up and stores a multiplication table
consisting of the nine integer multiples of the multiplicand. The multiply unit thensignals the sequence
control and calls for the multiplier. The process of multiplication is completed, within the unit, by
withdrawing such multiples of the multiplicand as may be indicated by the multiplier and adding them
together while shifting them to the proper columnar position. Upon completion of this summation,
control of the machine is turned back to the main sequence mechanism and the product delivered as
indicated by the third line of multiply coding.

In the event that one or both of the factors involved in a multiplication are negative numbers,
this fact is sensed and stored by the multiply unit. The factors are then treated as positive absolute
magnitudes for use in the multiplication. Finally the proper algebraic sign is appended to the product
and it is read out directiy or inverted as required.

The buss is used during the multiplying operation only three times. If properly timed, other
operations involving the buss but not involving either multiplication or division may be carried on

during multiplication, Such operations are known as " interposed operations " and are considered in
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detail under Multiplication in Chapter IV. Note that division as well as multiplication is excluded be-
cause, as previously mentioned, these operations are electrically interconnected..

When the operating decimal point of the calculator is assumed to lie bgtween columns twenty-
three and twenty-four, the corresponding decimal point in the product counter will fall between column
forty-six and the algebraic sign, For this case, the multiply unit is equipped with a special out-relay
permitting the read-out of columns one through twenty-three of the product counter to the buss. The
normal multiplying operation, with suitable plugging, delivers columns twenty-four through forty-six
of the product counter to columns one through twenty-three of the buss as usual. The use of the special
low order product out-relayin effect provides the machine with forty-six column products as obtained

-from twenty-three column factors. The coding for this operation is as follows:

ouT IN MISC.
Multiply x in ctr, 56, code 654, by y in ctr, 18, code 52, 654 761
and deliver forty-six columns of the product xy to etrs,
69, 68, codes 731, 73. 52
731 1
86 73 7

Note that the line of coding dictating the low order product out must immediately follow the normal
product read-out in order to preserve the algebraic sign and deliver it to both éounters receiving the
product. ‘

One of the two pairs of ganged counters may be used in combination with this special product
read-out to build up the product of two quantities, either or both of which may consist of forty-six or
fewer digits. The error in such a multiplication will be less than or equal to 2,7 x 10’46. Thus if the
quantity stored across counters A and B is multiplied by the quantity stored across counters C and D,
three multiplications, A x C, A x D, B x C, will be performed and the products summed in the ganged
counters, The product B x D is neglected since it is below the capacity of the machine, Examples of
the coding of such multiplications will be found under High Accuracy Computation in Chapter IV,

Although the organization of the multiply unit is far more complex than that of the storage counters,
it is nevertheless possible to alter the multiplying circuits to permit special operations. For example,

it is sometimes required to print a function having a very wide range of values, In this case, it is
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convenient to print a fixed number of significant figures together with an associated power of ten, The -
"normalizing register”, in conjunction with the multipiy unit, accompiishes this purpose by shifting a
quantity so that its first significant digit appears in column twenty-three and recording the amount of
the shift, The amount of shift combined in a storage counter with a constant dependent upon the
position of the operating decimal point supplies the exponent required. Further exampies of special
controls associated with the multiply unit will be described later in connection with the discussion of

the electro-mechanical tables of the elementary transcendental functions,
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Division like multiplication requires three lines of coding. These read the divisor and dividend
into the divide unit and deliver the quotient to its specified destination using the connections shown

diagrammatically in Fig, 4.
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ouT IN MISC.

Divide x in ctr, 3, code 21, by y in ctr. 4, code 3, and 3 78
deliver the quotient to ctr. 5, code 31,

21

31 7

After the divisor and dividend are read into the unit, they are shifted ‘and stored so that their
first significant digits appear in the highest column of the registers in which they are stored. The
number of columns that the dividend was shifted and the complement on nine of the number of columns
the divisor was shifted are added together in the " Q-shift" counter. A constant dependent upon the
position of the operating decimal point is supplied to the Q-shift counter by a manually preset switch
known as the divide switch. Since the Q-shift counter is not equipped with an end arpund carry circuit,
the addition of a one in the units column compietes the determination of the number of columns the
quotient must be shifted when it is read out into the buss in proper decimal position. A one added into
the units column of a counter to compensate for a missing end around carry is commonly known as an
"elusive one".

As soon as the divisor is delivered and control of the calculator turned over to the divide unit,
a table of the nine integer multiples of the divisor is built up and stored within the unit. When called
upon, the main sequence mechanism delivers the dividend. Under the subsidiary sequence control, the
multiples of the divisor are compared with the dividend and the largest multiple less than the dividend
selected. This multiple is then subtracted from the dividend while the digit defining it is entered in
the quotient counter. The process of division is continued in this manner, successively comparing,
subtracting and shifting to the right. Since the successive subtractions involve different columnar
positions of the dividend counter, an end around carry cannot be provided, The subtractions are ac-
complished by means of complements on nine together with elusive ones introduced into the units
column of each succeeding subtrahend. As the subtractions move to the right, ones appear on the left
since the multiples of the divisor consist of at most twenty-four columns and do not have sufficient
nines to the left to fill the dividend counter. However, when the digits of the remainders are selected
for comparison the extra ones are omitted. Assuming a six column machine, the subtractions appear

as follows:
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213109 213109
27400 /58202000000 274 /58392000000
45199
03591000000 . - 548
1
03592000000 359
972599
00851900000 - 274
1
00852000000 852
917799
10029990000 - 822
1
10030000000 300
__972599
11002599000 - 274
1
11002600000 2600
753399
11010133990 - 2466
1
11010134000 134

1f, upon comparison,the calculator finds that all multiples of the divisor are greater than the dividend
or the remainder under consideration, a zero or "no-go" is entered in the quotient counter and a new
comparison made one column to the right, When the division is terminated, the dividend counter wili
contain a series of ones and zeros and the last remainder.

Division may be terminated after any desired number of comparisons, by the place limitation
plugging and coding discussed under Division in Chapter IV. The number of significant digits in the
quotient will be either equal to the number of comparisons made or to this number less one (if the first
comparisonyields a no-go). Sincethe accuracy of the division is thus under control of the main sequence
mechanism it may be varied as desired within any given problem,

The quotient is read out into the buss through that part of the out-relay selected by the quantity
standing in the Q-shift counter. If a negative number is shifted to the right, the out-relay also supplies
the nines at the left required to complete the complement on nine of the quotient. The algebraic sign is
determined by the methods employed in the case of multiplication.

Further, as in multiplication, the buss is used only three times during division, and is otherwise
free for any interposed operations not involving either multiplication or division, It should now be

clear that many of the electro-mechanical operations necessary to multiplication and division are
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identical, Indeed the calculator as constructed uses the same registers for both operations, These,
however, are controlled by two separate subsidiary sequence control systems, one for multiplication,
and one for division, |

Though it is not immediately evident, division consumes almost four times as many cycles of
machine time as does multipli‘cation and uses a great deal more apparatus, Clearly, then, this process
istobe avoided whenever possible. Fortunately, an iterative process based onthe Newton Raphson rule,

Xl =% " f(xn)/f'(xn), n=0,1,2, .. (1)
is available for finding reciprocals, Let
f(x) = N- 1/x. 2)
Then X1 =% n(2 - an), ' (3)
defines a sequence, b which converges towards the reciprocal of N. Each succeeding application
of the iterative process roughly squares the error of the last preceding approximation,

Suppose that in a given computation the values of the independent variable increase in an arith-
metic sequence, Under these circumstances, the reciprocal of the nth value of the variable will furnish
a good first approximation to the reciprocal of the (n + 1)st value, Thus the process of division may
be avoided with a considerable gain in the épeed of computation. The application of equation (3) to the
design of calculating machinery was first suggested by Aiken in 1938.9

Equation (3) also provides the calculator with a means of dividing to an accuracy of forty-six
significant digits. The technique by which this is accomplished together with the techniques for ad-
dition, subtraction and multiplication, to the same accuracy, are described in the section on High
Accuracy Computation in Chapter IV,

The Newton Raphson rule, by proper choice of f(x), may be made to yield an iterative process
for obtaining any fractional power of a given number solong as a suitable first approximation is avail-
able, This fact greatly extends the usefulness and speed of operation of the calculator without the
inclusion of a single special electrical circuit. |

On the other hand, the computation of the elementary transcendental functions may not be dis-
posed of so easily. These require special registers as shown at the right of Plate XI, and make use

of the second panel of relays extending to the rear of the calculator.
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The method of computation of logarithms (Fig. 5) within the calculator depends upon two equations,
log (a*bsce...) = loga+logb+logc+ .., (4)
and
2 3 4 s+l .n N
loge(1+h)=h-h/2+h/3—h/4+...+(-1)“ b+ . {5)
for h2 <1, Thelogarithm unit includes two counters known as the logarithm counter and the logarithm
in-out counter, together with a subsidiary sequence control which governs these counters in conjunction

with the multiply-~divide unit, If it is desired to compute log1 o= ,the codingin the main sequence con-

trol tape will read as follows:

ouT IN MISC.

x lies in ctr, 39, code 6321, deliver log, x to etr, 8, 6321 162
code 4, 10

763
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At the same time that x isreadintothelogarithm in-out counter,the code B 762 signals the logarithm
subsidiary sequence control to take over the direction of the calculator. From the logarithm in-out
counter, x is read to the logarithm counter so shifted that the first significant digit of x appears in
the twenty-third column of the logarithm counter. The amount of the shiftis recorded and its comple-
ment on ten entered in columns twenty-two, twenty-three and twenty-four of the logarithm in-out
counter, in which the decimal point is now considered to lie between columns twenty-one and twenty-
two. The computation of the characteristic of x is then completed by adding 22 - n intothe logarithm
in-out counter, the operating decimal point being between columns n and n + 1, This quantity is sup-
plied by a manually preset constant register known as the logarithm switch, For example, if the
operating decimal point lies between columns fifteen and sixteen and x = 783.54210 50928 67954, x is
shifted five columns to the left on reading from the logarithm in-out counter to the logarithm couhter .
In this case, 22 - n = 7. Hence, the characteristic of x is computed as 995 + 007 = 002,

Now X = 7,83542 10509 28679 54 stands in the logarithm counter with the decimal point follow-
ing its first significant digit, and it is only necessary to compute the mantissa of logm;{ . This compu-~
tation is perhaps best explained by a2 numerical example., Four successive divisions are performed:

X/T = 1,11934 58644 18382 79142 85 ;
x/(7)(1.1) = 1,01758 71494 71257 08311 68 ;
x/(7)(1.1)(1.01) = 1.00751 20291 79462 45853 14 ;
x/(7)(1.1)(1.01)(1.007) = 1,00050 84698 90230 84263 30 .
"Equation (4) becomes
log 7.83542 10509 28679 54 = log 7 + log 1.1 + log 1.01 + log 1.007
+ log 1,00050 84698 90230 84263 30 . (6)

The logarithm table relays store log;,N accurate to twenty-one decimal places, for N equal to:

1.0 1.1 1,01 1,001
20 1.2 1.02 1,002
3.0 1.3 1,03 1,003
4.0 14 1.04 1,004
5.0 1.5 1.05 1,005
6.0 1.6 1.06 1,006
7.0 1.7 1,07 1,007
8.0 18 1.08 1.008
9.0 1.9 1.09 1.009 .
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on the right side of equation (6) and deliver them to the logarithm in-out counter for summation.
The last term of the logarithmic sum in equation (6) is of the form log (1l + a 10'4) where a <10,
Writing C@+a10dy < 1a4n,
then h<1073,
In using equation (5), six terms of the series are employed. Therefore, the remainder of the éeries
will be
R< h'(1 + Th/8 + Th2/9 + T3 /10 + ..)/7 ,

2, nds 0,

R<h'(l+h+h
R<h'/7(1 - h) .
R< 10721 7(0.999) .

Clearly, the choice of four divisions and six terms of the series puts the error below the lower limit

of the capacity of the machine. The series given in equation (5) is used by the machine in the form

loglo(l +h) = (((( (hcs+ cs)h+ c4)h + c3)h + cz)h + cl)h s

where €=M, cy= -M/2, cg = M/3, ¢4 = -M/4, Cg = M/5, Cg = -M/6;

M = logme .
The valuesof the ¢'s are also stored in relays and supplied to the multiply unit as directed by the loga-
rithm sequence controls, One feature of these controls, not previously mentioned in this discussion,
permits the multiplicand, h, and its multiples to remain stored in the multiply-divide unit throughout
the evaluation of the series. This saves a considerable amount of machine time,

After summing all terms of equation (6)in the logarithm in-out counter, logmx is read out into
the buss through plugging since it stands with its decimal point between columns twenty-one and twenty-
two and must be shifted to conform with the operating decimal position.

The exponential function,or anti-logarithm, isderived by a reversal of the process used to com-
pute logarithms. The method of computation is dependent ixpon the equations

10X = 1010a+b 1¢/10,1d/10044€/1000 4 4f )
10f = eP o 14n+h220 4033 .., ()

where h = flog,10.
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The exponential unit (Fig. 6) includes the exponential in-out counter and a subsidiary sequence
control governing this counter in connection with the multiply-divide unit. In order to compute IOX,

the main sequence control tape must read as follows:

ouT IN MISC.

x lies in ctr. 27, code 5421; deliver 10¥ to ctr. 20, code 53. |5421 7621

741

832 53

731

The code B 7621 signals the exponential sequence control to take over command of the calculator,
Simultaneously, x is read to the exponential in-out counter via the multiply unit, exponential-in plug-
ging and certain transformation circuits, which accomplish two purposes. First, a zero or nine is

read into the twenty-fourth column of the exponential in-out counter according as x is positive or
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e A2 o

negative; second, the

bsolute value of X is re
decimal point lies between columns twenty-one and twenty-two. Thus x stands in the exponential in-
out counter in the form:
column 24 23 22 2¢ 20 19 18-1
digit T a b. ¢ d e f
Columns one through eighteen of x are then multiplied by logeIO and delivered to the multiply
unit for expansion in the series (8). The coefficients are stored in relays and sent to the multiply unit
as required. Again the multiplicand, h, is held constant while expanding the series in order to con-
serve machine time. Since h< 2.3 x 10'3, the remainder of the series will be
R-nT/m+n8mand9s ..,
R<h’(1+h/8+h2/8.9+ ..0/T ,
R<h?(1+h+h24nd+ )/,
R<hT/m@a-n),
R < (2.3)7 x 10721 /71 (0.997) ,
R< 10720,
Clearly, the use of seven terms of the series leaves a remainder which is below the capacity of
the machine,

The quantities,

100-1 10001 160-001
1002 100-02 100-002
1003 100-03 100-003
0.4 0.04 0.004
100 10 10 -
1005 100.05 100005
0.6 ~0.06 100.006
1oo 10007 100007
1008 100-08 100-008
1009 100-09 100-009 ,

are stored in table relays accurate totwenty-one decimal places. The proper values are called for by

columns nineteen, twenty and twenty-one of x as it stands in the exponential in-out counter so that the

product, p = 10°/10.104/100,14€/1000 ; of

’

may be formed.
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This product, P,will stand in the product counter with its decimal point between columns forty-
two and forty-three, If x isa positive quantity, the product is read out to a forty-five column plug-
_ board in which the decimal point is assumed to lie between columns twenty-one and twenty-two. This
read-out is accomplished through a multiple out-relay, the proper part of which is selected by the
quantity 102 + b standing in columns twenty-two and twenty-three of the exponential in-out counter.
From the plugboard,the product passes to the buss at the operating decimal position through manually
preset plugwires connecting the plugboard to the buss in proper columnar relation, and thence to the
storage register indicated by the third line of exponential coding.

If x is a negative quantity, the reciprocal of the product, P, is obtained by the divide unit as
ordered by the exponential sequence control. The reciprocal is then read out of the quotient counter
to the storage register by circuits equivalent to those employed in the case in which x is positive.

The third electro-mechanical table contained within the calculator is that of the function, sin x,

The method of computing sin x is based upon the equations:

sin (- x) = - sinx ; (®)
sin(x+2nw) =sinx; (10)
sin x = cos (7 /2 - X) ; (11)

sinx = x - x3/3' + x9/5) - xT/T\ + ...

+ (_ lyﬂxzn'fl/(zn + l)l. 4 vee s ns= 1, 2, 3, esey 10 H (12)
cosx=1- x2/2'. + x4/4'. - xs/ﬁ'. + s
+ (- l)nXZn/(zn),. t e, n=1,2,3,..10. (13)

Since the series (12)and (13) are alternating series the remainder, R, will be less than the first term
omitted, Assuming x < /4,
Rl < (v/4)%2 220 .
Taking the logarithm of both sides of the inequality,
lag10 IR| < 22(10g10-r - Iog104) - log10(22'.)
< 22(0.498 - 0.602) - 21,050 < - 23 .,

-23

Thus |R| < 10 and the error in using these series for computation falls below the capacity of the

calculator,
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The sine unit (Fig, 7) is composed of the sine in-out counter and subsidiary sequence circuits
having control of this counter, the multiply unit and certain table relays providing the coefficients of
the series together with other necessary constants such as r/4, 7/2, * v and 27 . The main

sequence control tape dictates the computation of sin X by the coding:

ouT IN MISC.

x lies in ctr, 14, code 432; deliver sin x to ctr. 40, 432 7631
code 64.
84 64 7

7321

In order to compute sin x, it must first be determined in which quadrant x falls, The first
operation in the sine sequence multiplies x by 1/2# (supplied by a relay through plugging) at the
operating decimal position. Then the product |x| /27 is read into columns one through twenty-three

of the sine in-out counter with decimal point at the operating position, At the same time, the algebraic
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sign of x is read into the twenty-fourth column of the sine in-out counter. Let |X| /27 indicate
|x] /27 with its integral part omitted. This integtal part represents multiples of 27 which may be
dropped by virtue of equation (10). Through plugging, |x| /27 is next read vfrom the sine in-out
counter to the multiplicand counter so shifted that its decimal point lies between columns twenty-two
and twenty-three, The algebraic sign of x remains stored in the sine in-out counter. The integer
four, supplied by a table relay, is read to the multiplier counter. The resulting product is read into
the sine in-out counter with its decimal point between columns twenty-two and twenty-three. Four

cases may now be distinguished:

(a) 0<2|x|/7< 1, |x|in quadrant 1, sin |x|> 0;
(g) 1<2|xl/m <2, |xlin quadrant II, sin|x|>0;
(7)) 2<2|x|/m< 3, |x|in quadrant III, sin|x|< 0;

(3) 3 <2|x|/m <4, |x|in quadrant IV, sin|x|< 0.

Which of }these four cases appertain in the case of a specific value of x may be determined bysensing‘
the integer in the twenty-third column of the sine in-out counter, The value of this integer together
with the algebraic sign of x previously stored in the twenty-fourth column of the sine in-out counter
complete the determination of the sign of sin x.
| The procedure by which this is accomplished and by which x isreducedto a first quadrant angle
will now be discussed. Thé quantity 2 b?] /7 is multiplied by 7 /2 and when this operation is com-
pleted, the product, x| , is read into the sine in-out counter. During this multiplication,the sensing
circuits on column twenty-three of the sine in-out counter order the following operations:
(1) Reset all columns but the twenty-fourth of the sine in-out counter;
(2) Case(a): 0x<lx| <=7/2
|x| is read into the sine in-out counter directly;
Case (B): mR<|x|<m
|x] is inverted when read into the sine in-out counter,

T is added into the sine in-out counter;
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Case (): 7 < [x| <3 7/2
[] is read into the sine in-out counter directly,
- 7 is added into the sine in-out counter,
a nine is added into the twenty-fourth column of the sine in-out counter;
Case (3): 3 7/2 <|x] <27
|x] is inverted when read into the sine in-out counter,
2 7 is added into the sine in-out counter,
a nine is added into the twenty -fourth column of the sine in-out counter,
Since the sine in-out counter has no end around carry, and since any digit other than a nine in the
twenty-fourth column of this counter is the equivalent of a zero, the final algebraic sign of sin x now
stands in the twenty-fourth column of the sine in-out counter. The reduced first quadrant angle, X,
corresponding to the given value of x stands in the remaining columns.
Two cases remain to be distinguished:
(a) 0<sX <m/4;

(b) m/A<X < T/2.
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After a sensing circuit has compared the value of X with r/4, in case (a), the computation proceeds
by evaluating the series (12). In case (b), 7/2 - X is formed and the sefies (13) is evaluated. In
either case, the result of the summation of the series is delivered to the sine in-out counter, columns
one through twenty-three, with the result that this counter then contains | sin x| and the appropriate
algebraic sign.

The read-out of sin x to the buss for delivery to storage is through plugging, in order to shift
the function to conform to the operating decimal position. The read-out is direct or inverted accord-
ing as zero or eight on the one hand, or a nine on the other hand, stands in the twenty-fourth column
of the sine in-out counter,

The logarithm in-out counter and the sine in-out counter are commonly used as "shift counters",
These counters are equipped with pluggable and direct read-ins and read-outs as shown in Figs.8 and
9. They may be used to multiply or divide by powers of ten. In addition, the pluggable read-outs may

be manually so adjusted as to permit selective read-out of the shift counters by means of which any

_ FROM FIG. 8 _ BUSS TO FIG. 10
] I PLUG BOARD - T
6o0] [coo ‘fooo
ooo| |looo ouT ooo
coof [ooo RELAYS ] IN 000
' t RELAYS
PLUG SI0 GOUNTER Avs, |
BOARD et
| C
t [ ] o
'y
READ-OUT
CAM
CONTACTS
_ FROM FIG. 8 TOFIG. 10
N 50 VOLT D.C.

Figure 9



38

DESCRIPTION OF THE CALCULATOR

m columns may be delivered to the buss whil
readQOut does not erase any part of the number standing in the shift counter. The read-ins and read-
outs of these two counters have been placed under control of the main sequence mechanism by codes
which are independent of the codes of the functional units of which the shift counters are themselves
a part, Since the logarithm in-out and sine in-out counters do not have complete carry circuits at
all times, and have codes and resets which differ materially from those of other registers, they must
be used with care. A detailed discussion of these codes and their uses will be found in Chapter IV.

With the aid of the electro-mechanical tables of loglox , 10% and sin x, all of the elementary
transcendental functions, including the hyperbolic functions, may be obtained through the use of the
operations of the calculator already described. Inorder to provide for inverse trigonometric functions,
higher transcendental functions and empirical functions defined by tabular data, the calculator is
equipped with three mechanical interpolators.

The three interpolator mechanisms and their accompanying switches are shown in Plate XII, to
the left of the main seqﬁence mechanism. The three units share in common the interpolation counter
and the interpolation check counter, (Fig. 10). Afunctionis introduced into an interpolation mechanism
in the form of a perforated paper tape, (Plate XIII). This tape is similar to the main sequence control
tape, but in place of commands to the calculator, contains coded successive equidistant values of the

argument, each accompanied by the necessary interpolation coefficients. Any order of interpolation

up to and including the eleventh may be employed.

ouT IN MISC.

x lies in ctr. 50, code 652; a tape containing f(x) is on 652 7654
Interpolator I; determine f(x) and deiiver it to cir. 5i,
code 6521, 62

841

652 763

6521 3
7

There are a very great many possible variations in this coding as well as in the possible uses of the
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r units. All of those which have been developed up to the present time are included in Chap-
ter IV. The present discussion will be confined to the most elementary case, that of interpoiation by
means of Taylor's series. -

A function f(x) is to be determined. The independent variable, X, is considered as consisting
of two parts, x = a + h, where a is an integral multiple of a power of ten. Since four columns are
provided for containing the value of a, it is clear that a functional tape may contain 104 arguments.

An interpolation is performed by evaluating the series,

f(x) = f(a + h)
= f(a) + f'()h + £"(@hZ/2" + ... s
=cy+ c.ih + cgh2 + csh3 + eens
in the form,
fx) =fa+h) = ((((..+ c4)h + c3)h + c2)h + cl)h+ co . (15)

The interpolation process may be divided into two distinct parts. The first consists of position-
ing the functional tape and the second of the computation necessary to the interpolation itself, For
tape positioning, the argument, a,and the highest order column of h are delivered 10 the interpoiation
counter. The interpolator mechanism first reads the tape to discover the position at which the tape is
standing. By subtraction in the interpolation counter, the number of arguments the mechanism must
pass over in order to arrive at the required argument is determined. To accomplish tape positioning
in the shortest possible time, functional tapes are made endless. Suitable sensing circuits aided by
manually preset switches direct the mechanism to move the tape in the direction of shorter travel.
The highest order column of h is combined with a half-correction in the interpolation counter to in-
sure positioning to the nearest argument, As the tape steps, the number of arguments to be covered
- (stored in the interpolation counter) is reduced one for each argument passed and is finally reduced
to zero.

At the beginning of the positioning operaiion the required argument, 2, is read into the interpo-
lation check counter. At the end of the positioning operation it is transferred to the interpolation

counter and used to checkthe position of the tape. If the tape is not in proper position because an im-

possible argument has been sent to the interpolation unit or because of faulty mechanical operation,
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the positioning mechanism will try a second time to find the required argument. The calculator is
stopped and a red light turned on in the event that the positioning mechanism fails on this second try.

However, if the tape is found to be in the required position, the interpolation sequence control
takes over command of the calculator. The quantity x is again read out of storage into the buss and
the h part delivered by plugging to the multiply unit. Suitable corrections of h, such as nines to the
left if h is negative, are also made by plugging.

The interpolation sequence control then evaluates series (15), while the multiplicand, h, is held
constant as usual to conserve machine time. The coefficients, ¢y Cn-1? =+ 10 %o ,are read out of
the functional tape and added into the multiplier counter under control of the interpolation sequence
circuits.

When a relatively large number of values, such as constants or random values of a variable,
are to be used by the calculator, and further when these values are to be used in a prescribed order,
they may be supplied to the machine via one of the interpolator mechanisms and a perforated paper
tape. Such a tape is known as a "value tape" to distinguish it from a functional tape. Mathematiqally,
the operation of reading from a value tape is the equivalent of zero order interpolation. In order to
increase the flexibility of the inte‘rpolators when used in this manner,three sequence codes have been
assigned to each interpolator mechanism, These require that the tape be stepped forward, stepped

back and that the sensing pins read from the tape (Fig. 11), as in the following examples for interpo-

lator I,
ouT IN MisC.
Step the tape forward. 753
Step the tape back. 754
Read the value from the tape to ctr. 34, code 62. 85 7
62 7

The codes for accomplishing the same purposes in connection with interpolators II and IIT may be

found in the section on Interpolators in Chapter IV,
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FROM FIG. 10 B.. .SS . TO FIG. IL

PLUG BOARD

[s X 3o ouT

g g g RELAY

.|
ol INTERPOLATOR
L o VALUE TAPE
b —~— GARD FEED

FROM FIG. 10 | 1 TO FIG. 12

i 50 VOLT D.G.

Figure 11

Other means of supplying daia to the caiculaior are the iwo card feeds shown in Piate X1V and
Fig. 11, These employ standard tabulating machine cards and have three advantages over the value
tape, First, since tabulating machines are highly standardized, the cards permit the interchange of
data from one computation laboratory to another, Second, the devices required in the manual prepa-
ration of the cards have been developed to a high degree of perfection, Third, the calculator is itself
equipped with a card punching mechanism.

The disadvantage of punched cards as compared to a value tape lies in the fact that the card feeds
must accept the cards in the order in which the deck is stacked. No provision is made for retrieving
a cardonce it has passed through the feed. Hence,a second use of the value punched in a card requires
the ‘intervention of an operator.

The coding for reading from card feed Tis:

ouT IN MISC.

Read the value from the card in feed I to ctr. 3, code 21, 21 7632

When using punched cards and value tapes, the coding must be arranged to synchronize their reading



XIV  Typewriters, Card Feeds and Card Punch



XV  Tape Punch
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-

£
units with the main control tai;z. This implies that suitable operating instructions must be prepared
to insure thét cards aig,d;.{rﬁue tapes are properly inserted in the calculator.

A control is proi;ided on each card feed to stop the calculator when the cards are exhausted or
jammed. The quantities in the cards are read into the buss through plugging and therefore may be
shifted to conform with the operating decimal position. This is not true, however, of value tapes.

Occagiomly aproblem is sovoluminous as to taxthe facilities_ of the calculator,In such cases,
the main control tapes are so designed that the computation may proceed part way, the intermediate
results may be punched into cards and the cards later fed into the calculator for fufther computation
under the direction of a second main control tape.

The card feeds and interpolator mechanisms together with the switches previously described
represent the means by which numbers may be introduced into the calculator as a basis for compu-
tation. For recording computed results, two methods are available, the card punch mentioned in the
previous paragraph and two automatic typewriters, (Plate XV).

The printing and punching of numbers is accomplished with the aid of registers known as the
"print" and "punch" counters together with special circuits designed to control the recording devices.
The print and punch counters (Fig. 12) are equipped with in- and out-relays and complete carry '
circuits so that they may function as standard storage counters in addition to performing their special
purposes., '

The coding for the printing operation consists of two lines, one line to read the quantity to be

printed to the print counter and one to initiate the printing operation,

ouT IN MISC.

x lies in ctr. 18, code 52; print x on typewriter I. 52 7432

752 7

The controls of the typewriters are very flexible with respect to the number of digits printed,
their spacing, columnar position and line spacing. These controls are considered in detail under Print-
ing in Chapters IV and V. The computed results may be reproduced photographically directly from the
typewritten sheets. This avoids the possibility of error due to copying, inherent in most compu-

tational procedures.
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The punch coding also consists of two lines, one line to read into the punch counter and one to

initiate the punching operation.

ouT MISC.

x lies in ctr. 37, code 631; punch x into a card. 631 753

5

In order to avoid the loss of computed results, the card punch is equipped with a stop control which
prevents a read-in to the punch counter, stops the calculator and lights a red signal light in the event
that a blank card is not in the proper punching position at the time the sequence control tape dictates
the punching operation.

Not all problems imposed on the calculator require the use of punched cards. Hence, a manual

keyboard connected with the punch may be used for the preparation of cards while the calculator is in
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operation, This punch, however, does not produce any of the tapes usedr by the machine. It will be

recalled that the Jacquard weavers laced their cards together to provide the tapes they required for

the control of their looms. The calculator, on the other hand, uses smooth tapes prepared by means
_ of a specially designed manual punch shown in Plate XV,

Two keyboérds are used interchangeably to control this punch, The first of these is used in the
preparation of functional and value tapes. It has twenty-four columnar positions and perforates the
tape in such a way as to represeht any one of the ten digits in each column of a twenty-three figure
number together with the é.lgebraic sign, A four line code is used as shown in Fig. 13. This ‘figure
must be read from the bottom to the top, representing the forward direction in which the tape passes
through the reading mechanisms of the interpolator units.

In general, a value tape consists of a tabulation of constants punched into the tape in a given order,
A functional tape, in contrast, contains a group of entries associated with each argument. The first
entry in each group is the argument itself. This is followed by the interpolational coefficients, ¢,
Cpho1? *+ C1s Cpp in this order as shown in Fig. 14,

The argument must be punched in columns fifteen, sixteen, seventeen and eighteen of the tape
regardless of the location of either the tape decimal point or the operating decimal point. The nega-
tive algebraic sign, if required, must be represented by a nine in the twenty-fourth column. Each
argument must be identified by an argument code consisting of a three-four punched in the first
column of argument punching. Fig. 14represents a portion of a tape for fourth order interpolation on
f(x) = tan x with anaccuracy of twelve decimal places, Thefigure illustrates all of the salient features
of an interpolation tape.

The main control tapes are punched by the second keyboard, previously mentioned, which ap-
pears in Plate XV, It is designed to contain twolines of coding which must be punched simultaneously.
This is necessary because the sequence and interpolator mechanisms, though radically different in
operation, are in reality made of the same mechanical components. One numerical value in a functional
tape occupies the same amount of space as two lines of control tape coding. The device of setting up
two lines of control tape coding per punching operation makes it possible to punch sequence control

tapes and functional tapes with one and the saxﬁe manual punch.



46

DESCRIPTION OF THE CALCULATOR

vy Ilvi

[ ]

[ 4

L]
[ ]
[ N

X 1] o9 e
eoe 90000000000
(11 21 1]

(X 1] 00000000000

o0 e 00000000000
(1 1 ] (1 1]
(1 1] (X 1 ]
9000060000

eoe eee
200 00000000000
[ 1 X ]
0008080000

®© 500 OO OOOGO®O®OESE OSOOC OO OO O 0 0 0 0o

®© 0 00 ®D O DO OO 8 0O 000000 H OO 000 0 00

A A
|} W

VALUE TAPE

P

Negative Argument =51
Argument Code in lst col.

Positive Argument 51
Argument Code in lst col.

Negative Number
-698 321 576 438 499 013 451

Posiﬁve Number
521 328 794 532 605 972 100 28

Diagonal Number

012 345 678 901 234 567 890 123
0 000 111 222 333 999 999 999 99
0 999 000 111 222 888 888 888 88
0 888 999 000 111 777 T77 T77 77
0 777 888 999 000 666 666 666 66
0 666 TT7 888 999 555 555 555 55
0 555 666 TT7 888 LhL Lhk Lhk L
O Lk 555 666 TT7 333 333 333 33
0 333 LLL 555 666 222 222 222 22

0 222 333 444 555 111 111 111 11

0 111 222 333 444 000 000 000 0O

Figure 13



DESCRIPTION OF THE CALCULATOR

FUNCTIONAL TAPE
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€1 1.109 818 937 895

C2 0.367 782 237 736

C3 0.491 818 782 980

C, 0.285 577 613 215

Co 0.320 327 505 078

C1 1.102 609 710 509

Cp 0.353 196 217 642

C3 0.480 675 033 370

C4 0.271 705 506 740

Arg 0,31
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CODING SHEET

OPERATION _LINE oUT IN MISC.
Xp-1 to MC 101 761
ax to MP and to ctr. 1; ctr. 1 = Xn s 1 7
reset ctr. 6 32 32
Xp.14 x to ctr, 2 2 7
X to MC 1 761 7
Xp-1A X to ctr. 3 2 21 7
Xp.14Xx to ctr, 3 2 21
Xn to MP 1 7
(ax)? to ctr. 3 742 21 7
1 to ctr. 6 10 743 32
xn2 to ctr. 4; turn on typewriter I 872 3 7
-xp? to ctr. 65 ctr. 6 = 1 - x,;2 3 32 732
Y/V1 - %1% to Mc 31 761 7
reset ctr, 7 321 321 7
-x 2 to ctr. 3 3 21 32
1/V1 - %32 to WP 31 7
tolerance to check ctr, T421 Th 7
check to print ctr, I 21 7432
print on typewriter I 752
1/(1 - x,32) to ctr, 7 20 321 7
=1/(1 - x,.12) to MC 321 761 732
reset ctr, 7 321 321 7
3 to ctr, 7 7432 321
1 -x2 to WP 32
(1 - x2)/ - xp-12) to ctr, 7 321 7
check to check ctr, 21 4 71
check and reset check ctr. Th 74 6l

Figure 16
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the corresponding coding. As in
the case of value and functional tapes, the control tape must be read upwards.

Since the control tapes deal with operations only, they represent the solution of a mathematical
situation independent of the values of the parameters involved. Hence, such control tapes as are of
general application are preserved in the tape library for future use. Functional and value tapes of
general interest are likewise preserved.

When a problem is referred to the Computation Laboratory, the first step in its solution is that
taken by the mathematicianwho chooses the numerical method best adapted to computation by the cal-
culator. This choice is made on the basis of the accuracy desired, the possible checking operations
and the speed of computation. Such functional, value and control tapes as are required are then com-
puted, coded and punched. Since the mathematician cannot always be present while the calculator is
running, instructions must be prepared to guide the operating staff. These must include switch settings,
the list of tapes to be used, plugging instructions, manual resets, information concerning checks,
starting, stopping and rerun instructions, The instructions for the plugging of the functional units
are usually given in the form of diagrams similar to those in Chapter V., The manuai resets may in-
clude the clearing of both functional and storage counters. On the functional panel, (Plate XI), may
be seen the push-buttons by which all of the functional counters maybe reset except the forty-seventh
or sign column of the product-quotient counter which is reset at the end of each multiplying or di-
viding operation. Above the sequence mechanism are the seventy-two push-buttons which permit
manual resetting of each of the storage counters. Directly below the reset buttons and above the
sequence mechanism, (Plate XII), is a constant register which exactly duplicates one of the sixty
switches. Because this register is frequently used to provide the increment of the independent variable,
it is known as the independent variable switch. Further, because it is located conveniently near the
sequence mechanism, this switch is particularly useful in testing the various units of the calculator.

The startand stop keys are located directly above the sequence mechanism as shown in Plate XII,
The use of these keys and their associated electrical circuits will be discussed in Chapter III.

The main sequence control is equipped to advance the tape, step by step, normally at a rate of

200 steps per minute, unless one of the subsidiary sequence controls is directed by the coding to
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temporarily take over command of the calculator, In this case, the control tape is stobped until the
subsidiary sequence control has finished its operation and signals the main sequence control to con-
tinue operation.

The normal step rate of the sequence tape, then, does not give‘a good estimate of the speed of
the calculator. This may be better given by citing the time required for various operations. - When
computing with twenty-three signifipant digits and operating decimal point between columns fifteen

sixteen, the maximum operation times are as shown in the following table,

Operation Seconds Cycles
Addition 0.3 1
Subtraction 0.3 1
Multiplication 6.0 20
Division 114 38
Logy 0¥ 68.4 228
10¥ 61.2 204
Sin x 60.0 199

All of the times cited include the time required to transfer the arguments to the functional units and to
deliver the results for further computation, The time required for all operations, except addition and
subtraction, may be shortened by reducing the accuracy of the computation. Obviously, the oﬁly way
to state the relative speed of the calculator is to solve a problem first by manual methods and then by
use of the machine, Such an estimate has been made and apparently the machine is well nigh one
hundred times aé fast as a well equipped manual computer, When it is borne in mind that a computer
can work little more than six hours a day before fatigue causes him to produce a prohibitive number
of errors, it becomes clear that operating on a twenty-four hour schedule, the calculator may produce

as much as six months work in a single day.
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CHAPTER III
ELECTRICAL CIRCUITS

"Simplicity is Nature's first step, and the last of Art."

Philip James Bailey

In the preceding chapter, means were described by ‘which the Automatic Sequence Controlled
Calculator is kept in continuous operation. However, no mention was made of the circuits by which
the machine is started and stopped. This subject may best be approached by consideration of the main
sequence control.

Figures 17 and 18 show the sequencing circuits of a machine having nine reading pins, three in
each of the A, B and C groups, rather than the twenty-four pins of the calculator. The nine reading
pins are numbered 6, 7 and 8 in each group in order that the starting and stopping circuits may be
presented in a manner consistent not only with the diagrams, but also with the calculator itself. The
nine reading pins make available 29 possible orders per line of coding and are sufficient to develop
all the ideas necessary to a clear understanding of the sequence control. An attempt to draw the actual
circuits employeci in the calculator would lead to inconveniently large and complex diagrams.,

Figure 17 shows the reading contacts controlled by the reading pins and the tape, neither of the
latter being shown in the figure. Once the pins have advanced against the tape and closed the reading
contacts in positions corresponding tothe holes inthe tape, an electrical circuit is established to ener-
gize the sequence relays, Suppose a line of coding to read (6, 6, 7) corresponding to the reset of
counter 32, code 6, Then beginning at the positive terminal of the generator, assuming the cam con-
trolled contact FC-101 to be closed and for the moment further assuming that the four-pole read reiay
contacts are closed, complete circuits exist through the reading contacts A-6, B-6, C-17, through the
corresponding sequence relays to the negative generator terminal. When the sequence relays are
picked up, each is held in its energized position through one of its own contacts and the cam controlled
contact FC-102,

The sequence relays are multipolar, and in addition to their hold contacts, have "cascade" con-

tacts wired as shown in Fig. 18, These permit the selection of out-, in- and miscellaneous relays
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which are picked up by means of cam controlled impulses, The multipole relays are of the double
throw variety, having four, six or twelve poles, and may be either single or double coil. They are
jack connected and wired with the aid of plug-in wires as shown in Plate XVI. When a relay is not
energized, circuits may be completed through its normally closed (NC) contacts. On the other hand,
when a relay is picked up, circuits may be completed through its normally open (NO) contacts, Thus
any code corresponds to a series of normally open and normally closed sequence relay contacts, For
example,as may be seen in Fig.18, the in-relay of counter 32, code 6, is picked up through B-8-1 NC,
B-7-1NC and B-5-1NO. A complete tabulation of the cascade contacts for all of the codes at present
used by the calculator is given in Appendix I.

The contacts of the out-, in- and miscellaneous relays are not shown in Fig. 18 as these are

parts of the circuits to be controlled by these relays rather than of the sequence control circuits,






Storage Counter

Xvi



55

ELECTRICAL CIRCUITS

50 VOLT D.GC.
FC-CAM-A FG-CAM-B FC-CAM-C

B-8-1

A-7-2 B-7-1 - | B-7-2 c-7-2

A-6-1| A-6-2 | A-6-3| A-6-4 B-6-1|B-6-2 | B-6-3| B-6-4 C-6-2 [G-6-3| C-64

e

: IN-RELAYS AND S0 voLr o.C.
OUT - RELAYS SUBSIDIARY SEQUENCE MISCELLANEOUS RELAYS
CONTROLS '

Figure 18

ONE CYCLE

READING PINS ADVANGED I
READING CONTACTS MADE I
READ RELAY FG-i05 [ ]
SEQUENGE RELAYS FG-10l, 102
OUT-RELAYS FG-A

IN-RELAYS FG-B
MISGELLANEOUS RELAYS FG-GC
CLUTCH MAGNET FG-105

TAPE MOVES FORWARD

]Innnﬂ

Figure 19



56

ELECTRICAL CIRCUITS

+ 1 ] i
FC-i08 'Fc—iog:i FC-105 | SToP 7

Foal o
SlIéYRT '—rREPEAT

-1 START

FG-103 ] SS 2
' @I START STOP l
-4 -her STOP "
) l -4 7 STOP
r r c-s-|+ A SWITGH"
—r |
! c-7-1 CIH'Q REPEAT cLuTon | r
‘ | "4 37 MAGNET
START REPEAT READ STOP
RELAY RELAY RELAY% RELAY

_

Figure 20

These contacts will be considered in connection with the computing circuits of which they form a part.
The timing diagram, Fig.19, together with the foregoing description should make clear the repetitive
operation of the circuits shown in Figs, 17 and 18 insofar as continuous operation of the calculator
is concerned,

Figure 20 and the diagram, Fig. 21, show the start and stop circuits and their timing. The de;
pression of the start key con;pletes the circuit through FC-103 to pick up the start relay, The repeat
relay, one point of which is shuntedacross the start key, is controlled by the sequence relay, C-7. This
is picked up by the continue operations code,Miscellaneous 7. The transfer of the contacts of the start
relay closes the circuit, controlled by FC-105, to the read relay and the clutch magnet, This circuit
contains two normally closed contacts of the stop relay. The stop relayis picked up if,and only if, the
stop key is depressed and one of two circuits completed, The first of these is completed by FC-106

and relay contacts governed by the code Miscellaneous 87, while the second is governed by the code
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Figure 21

Miscellaneous 7 in combination with the "7 stop switch™. The stoprelayisheld up through one of its own
contacts and the stopkey. The emergency stop switchislocated on the sequence mechanism, (Plate VI),
The 87 stop and the 7 stop have decidedly different purposes. The 87 stop maybe so coded in a control
tape that if the stop key is depressed the machine will stop at a preassigned point in the computation,
On the other hand, the 7 stop switch together with the stop key will interrupt the operation of the
machine after reading any line of coding containing a Miscellaneous 7. This makes it possible to stop
the calculator at the end of any functional operation without interfering with the computation provided
that no operations have been interposed. Further discussion of the codes 87 and 7 is contained in
Chapter 1V.

The relays, relay points and cam controlled contacts in Figs. 17, 18 and 20 have been indicated
and numbered as in the calculator itself. For simplicity, one relay, the start interlock relay, has been
omitted from these circuits. In the event that the start key is held down too long, the start interlock
relay prevents the calculator from receiving more than one starting impulse, The circuits of this relay
together with all of the automatic continue operation circuits which may energize the start relay are
given in Appendix II.

Unlike the main sequence control, the operations dictated by the subsidiary sequence control
are not subject to permutation. Consisting of relay networks and counters, the twenty subsidiary

controls at present wired in the calculator direct fixed series of operations. These are largely
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concerned with the sequences of operations necessary to the control of the functional units, However,
it is possible to construct a subsidiary sequence confrol for any given purpose. For example, the
evaluation of a definite integral may be reduced to the computation of values of the integrand for equi-
distant values of the argument by a short control tape, whichalsodirects a subsidiary sequence control .
wired to apply a general quadrature formula. In this instance, the coding necessary to the evaluation
of definite integrals is greatly reduced. Such specialized subsidiary sequence controls are added to
the calculator from time to time as may be desired. These differ only in the sense that some control
a greater number of operations and in that their control extends over a longer period of time, Unfor-
tunately, space will not permit the description of all of the sequence controls in the calculator. The
fact that those controlling multiplication and division are not only the most simple, but also the more
basic in computation, dictates their choice for detailed discussion.

Before entering upon this subject, however, it will be necessary to discuss the use of counters
and their drive. Referring to Fig.22, A is a line shaft extending nearly the full length of the calculator
and driven by the four horsepower motor, B. This shaft is contained in the shaft housing shown near
the base of the machine in Plates II, IIIand XII. The main sequence mechanism and the three interpo-

lator mechanisms are supplied with mechanical power by roller chain and sprocket drives, C and D,

MECHANICAL DRIVE SYSTEM

g
]

Figure 22
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respectively, The spiral gears, E, connect the main drive shaft to the vertical shafts, F. These in
turn are connected to the horizontal shafts, G, through smaller spiral gears, H. On the shaft, G, are
mounted twelve or fewer gear wheels, J of Fig. 22, E of Plate XVII, each of which supplies mechanical
power to a single counter wheel by engaging with the gear shown in the partially assembled counter,
A of Plate XVII, Since the sequence and interpolator mechanisms and counter wheels are all driven
by a single gear-connected mechanical system, it is clear that all mechanical parts of the machine
revolve in synchronism with each other,

Each counter wheel is an electro-mechanical assembly consisting of the following major com-
ponents shown in Plate XVII: (1) a commutator mounted in a molded plastic part, B and J, commonly
called a "molding", having a half slip ring and ten segmental contacts numbered 0 through 9; (2) a
pair of stranded wire brushes, C and F, which rotate to connect one of the contact segments with the
commutator half slip ring; (3) a magnetically controlled clutch, D, which engages to connect the con-
tinuously rotating gear, A, with the sleeve onwhich the rotating brushes are mounted; (4) a ten's carry
contact which operates in conjunction with an external relay circuit to provide carry to the counter
wheel in the next higher columnar position when the counter wheel under consideration passes through
ten; (5) a nine's carry contact which also operates in conjunction with an external relay circuit to
provide carry to the next higher counter wheel when the wheel unde; consideration stands on nine and
the next lower wheel has passed through ten; (6) and finally, a socket, G and K, by which the counter
assembly may be jack-conﬁected to the calculator wiring.

The ten segments of the commutator are usually called the number "spots". The time interval
necessary for the brush to traverse the distance between two successive spots is one-sixteenthof a
cycle,the number spots being sospaced in the commutator as to minimize the ratio of the mechanical
backlash to-the distance traversed between spots, In order to read, say, a seven into a counter, the
counter magnet is picked up at "seven time", thus engaging the clutch. The brushes are spun past
six spots and the clutch is mechanically disengaged or knocked off at "zero time", Obviously, nine
equally timed and equally spaced impulses must be provided to pick up the counter magnets in order
to read in the nine digits and all counters must be.knocked off at zero time, (Fig. 23).

The number impulses are supplied by cam controlled contacts, A cam and its follower are
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shown at the lower right in Plate XVI, and the position in which the cams are mounted is shown in
Fig.22,K. The duration of contact controlled bya cam maybe varied by adding or subtracting rollers
in the twenty possible sockets in a cam wheel, Several types of followers are used, with variations
in the sharpness of the make and break of the contacts they control,

For purposes of cam timing, the fundamental cycle of the calculator, 300 milliseconds, is sub-

divided into sixteen equal parts commonly referred to as "points". These are numbered:

9 8 7 6 5 4 3 2 1 0 11 12 13 14 15 16

- Qne cvele = 16 noints
b g F ke

The first nine subdivisions contain the number impulses. The so-called "seven impulse", for example,
is delivered bya cam contact making at seven time and breaking half waybetween seven and six time,
commonly called sevenand one-half time, The points zero through sixteenare available to supply carry
and other control impulses. A timing diagram of the number and carry impulses is given in Fig, 23,

As stated in Chapter II, the transfer of a quantity to a reset counter and the process of addition
are one and the same, For instance, a counter stands at zero; a seven impulse picks up the counter
magnet at seven time; the counter wheel rotates through six positions, is mechanically knocked off

at zero time and comes to rest standing on the seven spot. On the other hand, if a counter stands at

9 87 6 5 4 3 2 1 0 Il 1213 14 15 16
IMPULSE .
IMPULSE ]

nmam o -
Mrveoe -

IMPULSE | ]

IMPULSE u

IMPULSE a

IMPULSE B

IMPULSE .

IMPULSE .

MECHANICAL KNOGK OFF i

CARRY IMPULSE a
MECHANICAL KNOCK OFF i
CARRY CONTACT KNOCK OFF |

— N UWPAD~§DO

Figure 23
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five, a seven impulse picks up the counter magnet at seven time; the counter wheel rotates through
six positions, is mechanically knocked off at zero time and comes to rest standing on the two spot,
having passed through zero.

As the counter wheel turns, the carry cam, (Fig. 24 and F of Plate XVII), also turns, When the
rotating brush touches the nine spot, the follower of the carry cam is dropped and the nine's carry-
contact is made, (B of Fig. 24). As the counter wheel passes nine and approaches the zero spot, the
follower is raised and the ten's carry contact is made, (C of Fig, 24). The ten's carry contact once
made is maintained, (D of Fig. 24), until a mechanical knock off returns the carry contact to neutral
position, (A of Fig, 24), at fourteen and one-half time. Prior to this, the counter magnet, as shown in
Fig. 23, is again picked up at twelve time by the carry impulse if the carry relay circuits are closed
and if the ten's carry contact of the next lower counter is made, The counter magnet is also picked up
at twelve time by the carry impulse if the carryrelay circuits are closed and if the nine's carry con-
tacts of the succeeding lower counters receive a carry impulse due to a still lower ten's carry, The

counter wheel moves one position for the carry and is again mechanically knocked off at thirteen time,

Figure 24
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These operations may be clariﬁed by considering the relay circuits associated with the storage
counters. The relays are shown in Plate X, and their usual numbering and position in Fig, 25. There
are thirteen individual relays providing the normal circuits for each counter, Some of these are
grouped to function as a single relay of more than twelve poles, this being the maximum . number of
poles available in any single relay as such, Relays 1, 2 and 3 compose the out-relay, while 4, 5 and 6
compose the in-relay. Relays 7 and 8 are the carry relays, with 9 serving as the carry control relay,
Also part of the carry circuits are relays 12 and 13, the carry booster reliays, The nine's. and ten's
carry contacts, of the twenty-fourth column counter, control relays 11and 10 respectively, these being
empioyed in the end around carry circuit,

The storage counter cams, SC-1through -9, control the number impulses for reading out either
from a switch or from a storage counter. Figure 26 shows the circuits for a read-out, The out-relay
is energized bya circuit through the sequence relay cascade contacts as previouslydiscussed, Begin-
ning at the positive terminal of the generator, the read-out circuit of a counter is completed to the
buss through the reset and invert relays, via the brushes connecting the number spots to the half slip
ring and thence through the out-relay, The read-out circuit of a switch is exactly similar except that
the commutator of the counter is replaced by the manually preset switch contacts, The wiring by
which the energized invert and reset relays provide complements on nine and ten respectivelyis also
shown in Fig. 26, |

In order to read into a counter, a circuit is completed through the in-relay connecting the buss

to the counter magnets and to the negative terminal of the generator, I a quantity is standing in the
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counter at the time of read-in so that addition must be performed, the carry circuits are utilized, As

shown in Fig, 27, the carry control relay,19, is picked up by an impulse, controlled by SC-13, at two

time, The first point of this relay, through SC-12, then controls the pick up of the carry relays,T and
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the pick up circuits
of relays 11 and 10. These circuits are completed through the nine's and ten's carry contacts, re-
spectively, of the counter in the twenty-fourth columnar position, The carry circuits are closed on
all read-ins except resets,when the carry control relay is not picked up due to the opening of the nor-
mally closed contacts of the reset relay. The tenth point of this relay is in the pick up circuit of the
carry control relay.

| If a counter, other than the twenty-fourth, has passed through ten and its ten's carry contact

has been made, thei carry impulse, at twelve time, through SC-10 and the appropriate carry relay

point, will energize the magnet of the counter in the next higher columnar position, If the twenty-
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fourth column counter carry contact stands at ten, relay 10 will have been energized at eleven time,
Then the carry impulse at twelve time controlled by SC-10 will travel through the first point of the
carry relay, 7, and pick up the magnet of the first column counter for an end around carry, Careful
study of Fig. 27 will make clear the operation of the circuits when several successive counters stand
on nine and a carry impulse is provided by the next lower counter.

The circuits for switches and storage counters including the circuits for all of the specialized
storage counters are given in Appendix III. Further, the relay list, Appendix VI, includes all of the
normal and special storage counter relays together with specific functions of each of the relay points.

Among others in Appendix IIT will be found the circuits‘ by means of which it is possible to read

positive and negative absolute magnitudes out of any storage counter, The first of these circuits finds
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application in connection with the "intermediate" counter through which all quantities must be read in
passing into the multiply-divide unit. The operation of the positive absolute magnitude read-out circuit
is dependent upon the presence or absence of a nine in the twenty-fourth column. Upon read-out, the

presence of a nine brings about the pick up of the invertrelay. Figure 28 illustratesthe positive abso-

refers to the first point of the fourth cascade relay in the C group. The particular C relays shown
are those necessary to the pick up of the sequence relay 11 called for by the code Miscellaneous 2;
c.f.,page 16, The second branch of the circuit in Fig.28 shows the pickup at thirteen time of storage
counter relay 11, This circuit is completed through 3-1, the first point on the third relay composing
the storage counter out-relay, and through the nine's carry contact of the twenty-fourth column counter,
The third branch circuit at fourteen time picksup the invert relay through the second point of storage
counter relay 11 and through the third point of the third relay composing the out-relay, The use of the

positive absolute magnitude read-out circuit has been explained here because the application of such
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a circuit in multiplication and division will reduce the problem to one dealing with positive absolute
magnitudes only during these operations,

The counters in the multiply-divide unit and the functional units are not the simple single mold-
ing counters that compose the storage registers. The functional counters are equipped with several
commutators, each set in a separate molding, and have special wiring which enables these counters
to perform operations other than simple addition. The operations of adding into and resetting of the
multiple molding counters are, however, the same as in the case of the storage counters, The counters
of the multiply-divide unit may be seen in Plate XI and are arranged as shown in Fig. 29, These
counters will require individual description. For this purpose,a calculator consisting of six columns,
the sixth column being reserved for the algebraic sign, will be assumed. This miniature calculator
may perform all of the operations of the calculator itself, The correspondences given in the table

below will be valid under this assumption,

Register Calculator Miniature Machine
Column Column
Switch 24 6
23 5
22-1 4-1
Storage Counter 24 - 6
23 5
22-1 4-1
Intermediate Counter 24 6
23-1 5-1
MC-DR Counters 24 6
. 23-1 5-1
MP Counter 23-1 5-1
PQ Counter 47 11
46-1 10-1
DD Counter 45-1 9-1
Q-Shift Counter 2-1 1
Sequence Counter 1 1
Cycle Counter 1 1
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As previously mentioned, the most frequently used of the muitipiy-divide counters is the inter-
mediate counter. The multiplicand (MC), divisor (DR), multiplier (MP) and dividend (DD) all pass
through this counter as they enter the multiply-divide unit, All these quantities are read into the
intermediate counter just as they stood in the storage counter from which they were selected, All
four values are read out of intermediate to the appropriate counters as positive absolute magnitudes.
The MC andMPare transferred without being shifted, but the DR and DD are read out from the inter-
mediate counter so shifted that their first significant digits appear in the twenty-third and forty-fifth
columns of the DR and DD counters respectively.

The intermediate counter has twenty-four columns, The twenty-fourth column is a four com-
mutaior, usually called “four molding" counter, The first molding is used for ordinary read-culs and
resets, The second molding is used to determine whether it is necessary to sense through zeros or
through nines to obtainthe amount of shift necessaryinreading DR and DD to their respective counters.
The third molding, if the twenty-fourth column stands at nine, forms a part of the pick up circuit of
the relays controlling the entryof a nineinto the forty-seventh, or sign counter, of the product-quotient
counter (PQ). The fourth molding, if the twenty-fourth column stands at nine, forms a part of the pick
up cireuits of the intermediate invert relay which delivers the positive absolute value of MC. DR, MP
or DD if these quantities were negative when they entered the multiply-divide unit. The remaining
twenty-three columns of the intermediate counter are three molding counters. The first moldings are
used for ordinaryread-outsand resets, The second and third moldings are used when sensing through
zeros and nines respectively to determine the amount of DR or DD shift,

The nine integer multiples of the MC and DR are buiit up in the muitiplicand-divisor counters

1Y 0o n)

= in tho i
VA Tasay, i <

yin the first four oy £ mult
(1-2), (3-6), (4-8), (5), (7) and (9) multiples, are used for this purpose. Of these, the first three are
equipped with "doubling" read-outs; i.e., they have extra moldings so wired that they may read out
either the number upon which they stand or twice that number, The wiring diagram of a doubling
counter is shown in Fig, 30, The number impulses are provided as usual by cam controlled contacts,
In the counter shown, the read-out may be through one of four relays; reset, build-up, times one or

times two, As shown, the doubling counter requires four moldings, The first molding is used for
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ordinary read-outs and resets, The second molding is used for the doubling read-out when there is
no carry from the next lower column. The third molding is used for the doubling read-out when there
is carry from the next lower column, The fourth molding controlsthe doubling read-out of the counter
in the next higher columnar position, selecting its second or third molding according as there is not
or is carryfrom the counter under consideration. All of the MC-DR counters have twenty-four columns
except MC-DR (1-2), which has twenty-thrée, and all are equipped with normal carry circuits but no
end around carry. MC-DR (5),(7) and (9) are composed of single molding counters exactly similar to
those used in the storage registers,

It is interesting to note that two and five are the only integer multiples which may be obtained
from a static reading circuit without using an undue amount of equipment, In the case of the two multi-
ple, the only carry number is unity and hence a carry from the nth column to the (n + 1)st cannot
affect a column of still higher order. Therefore, the circuits of a doubling read-out must pass through
not more than two counter columns, A similar situation obtains in connection with the five multiple
as may readily be seen, Since a quintupling counter is not used in the calculator, no further details
of such circuits will be given here,

The MP counier consists of twenty-three double molding counter wheels, The first molding of
each is used for resets, The second selects the proper multiples of MC to be read out of the MC-DR
counters,

The dividend counter has forty-five single molding columns. During multiplication, the multiples
selected by the even columns of the multiplier are added into DD in the proper columnar position,
Thus, if the digits in MP are 25137, then 3 x (MC) and 5 x (MC) are read into DD in the following

positions,

DD counter column
9 8 76 5 4 3 2 1
~—3 x (MC)~>

-5 x (MC)—

The odd multiples of MC are cared for in the PQ counter which will be described later,
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ive multiples of DR are subtracted from the dividend in the DD
counter. Since these subtractions terminate at least one column to the right with each successive
operation, end around carry is replaced by the addition of an elusive one in the lowest order column
of each subtrahend,

The product-quotient counter has forty-sevencolumns. The forty-seventh column of PQ, some-
times called the sign counter, has two moldings. The first of these is used for resets. The second,
if the counter stands at nine,forms a part of the circuits picking up the DD-PQ invert relay, in order
to read out the negative product or quotient, The sign counter is the only one in the machine which
cannot be reset by button, If the machine is stopped before a multiplication or division is terminated,
care must be taken to see that this counter is manually reset before continuing operation. This must
be accomplished by manipulation of the armature of the counter magnet,

During multiplication, the multiples selected by the odd columns of the multiplier are added into
PQ in the proper columnar position. Thus, if the digits in MP are 25137, then 7x (MC), (MC) and

2 x (MC) are read into PQ in the following positions.

PQ counter column

11 10 9 8 7 6 5 4 3 2 1

-2 x (MC)—>

At the end of the multiplying operation, the multiples previously added into DD are transferred to PQ
and the final product read out from this counter. The device of adding the odd and even multiples of
MC into the PQ and DD counters, respectively, doubles the speed of multiplication because two multi-
ples may be added in each machine cycle.

The PQcounter in the case of division receives the digits of the quotient which are read in suc-
cessively, starting at the forty-sixth column,

The quotient shift counter (QS), as mentioned in Chapter II, is used to calculate the number of

columns the quotient must be shifted to the right upon reading out to the buss in order to conform with
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the operating decimal position. This counter has two columns., The first column is a four molding
counter, Of these four moldings, the first is used for reset. The second, third and fourth are used
to read out quotient shifts amounting to zero through nine columns, ten through nineteen columns and
twenty through twenty-two columns, respectively, The second column of the QS counter has two mold-
ings. The first molding is again used for reset and the second to read out the tens digit of the amount
of shift in conjunction with the proper molding of the first column, The quantity standing in the QS
counter is not read out in the ordinary manner but rather the combination of number spots in the two
columns form a part of the pick up circuit required to select the appropriate section of the Q-shift
relay. During each dividing operation the QS counter receives four quantities, These are: (1) the
complement on nine of the amount of the DR shift left when reading from the intermediate counter to
the MC-DR counters; (2) the amount standing in the divide switch which is equal to 22 - n where the
operatingdecimal point lies between columns n and n + 1; (3) anelusive one in the first column; (4) the
amount of the DD shift left when reading from the intermediate counter to the DD counter, The total
standing in the Q-shift counter must always be positive, as no provision is made for shifting the
quotient to the left because quantities so shifted would be above the capacity of the calculator under
the assumed operating decimal position, The shift is counted to the right considering the forty-sixth
column of PQ as corresponding to the twenty-third column of the buss,

All of the multiply-divide counters so far described are controlled by a subsidiary sequencing
circuit which includes two special counters. The first of these is the sequence _counter which has one
four molding coﬁnter wheel. When the first line of multiply or divide coding has been read, this counter
is stepped forward one position, It continues to step once each cycle during the build-up of the inte-
ger multiples of MC-DR, for the resets of the intermediate counter and finally for the read-out of the
product or quotient, This counter also has the function of signalling the main sequence mechanism to
read the line of coding supplying the multiplier or dividend and the line of coding deliveringthe product
or quotient. The first molding of the sequence counter is used for resetting., The functions of the re-
maining three moldings are best presented in a table which lists the relays whose pick up circuits are
governed by each position of the sequence counter, The table includes the relays used both in multi-

plication and division,
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Seq. Cir. Second Molding Third Molding Fourth Molding
1 Intermediate In Not used DD-PQ Reset
2 Shift Pick Up MC-DR In Intermediate
Q-Shift Invert Invert Control
3 First Build-Up First and Second Intermediate
Build-Up Reset
4 Intermediate In First and Second Second Build-Up
Build-Up Add-22
5 Shift Pick Up MP-In Intermediate
DD-In Invert Control
8 Not used Not used Intermediate
Reset
7 Sequence Ctr, MC-DR Reset Product Out
Reset
8 Not used
9 Not used

The impulse which steps the sequence counter is not derived from the number impulse cam con-
facts. This impulse is supplied at zerc time by a cam controlled contact, CC-10, and positions the
sequence counter fifteen points earlier than all other multiply-divide counters in order to give the
associated relay circuits ample time to operate before numbers are transferred.

The second special counter employed by the multiply-divide unit is the cycle counter, which

consists of one five molding counter of which the fifth molding is used for resetting. The first four

positions sixandseven, During multiplication the cycle counter steps once cach cycle and these four
moldings determine the columnar positions in DDand PQ to which the multiples of MC are read. Dur-
ing division the cycle counter steps once each subtracting cycle, controlling the columnar positions in
DD from which the multiples of DR are subtracted.

The complete circuits for multiplication are given in Appendix 1V, and for division in Appendix

V. These appendices also inciude timing diagrams which give the positions of relayand counter mag-
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nets as picked up and held byimpulses through the cam controlled contacts, The relays used in multi-
plication and division, including the functions of each wired point, are listed in Appendix VI. Each
cam, with the time of xpake and break of its contact and its function, appears in Appendix VII. The
multiply-divide fuses are classified in two ways in Appendix VIII; first, listing the relays and the fuse
to which each is connected, and second, listing the fuses and the relays which they serve. Figure 31
shows, cycle by cycle, the transfers of quantities from counter to counter in the multiply-divide unit
during the multiplication 0,3461 x 2,5137 = 0,8699, The operation is carried out onthe miniature six-
column calculator previously mentioned.

Cycle 0
The sequence mechanism reads the first line of multiply coding (A, 761, blank). The sequence counter
advances to one,

Cycle 1
The MC is read from storage counter A via the buss to the intermediate counter. The intermediate
carry circuits, including end around carry, are energized, The DD, PQ and QS counters are reset.
The sequence c;)unter advances to two. |

Cycle 2
The positive absolute value of MC is read into MC-DR (1-2), (3-6), (5), (7) and (9) within the multiply
unit, (Fig. 32). The sequence counter advances to three,

Cycle 3
If a nine stood in the twenty-fourth column of the intermediate counter (MC < - 0), a nine is read into
the forty-seventh column of PQ. The intermediate .counter resets, The first build-up takes place;
i.e., the first step is taken in building up the nine integer multiples of MC, Twice the MC is read from
the doubling moldings of MC-DR (1-2) to MC-DR (3-6), (4-8), (5) and (9) within the multiply unit,
(Fig. 32). The sequence counter advances to four, The sequence mechanism reads the second line of
multiply coding (B, blank, blank),

Cycle 4
The MP is read from storage counter B via the buss to the intermediate counter. The complete inter-

mediate carry circuits are energized, The second build-up takes place, completing the nine integer
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Cye Storage Seq | Intermediate | MC-DR (1-2) | MG-DR {3-6) | MC-DR (4-8) uc-DR (5)
No. Counter Ctr Counter Counter Counter Counter Counter
0 003461 | 0| 000000| 00000 |000CO0 | 000000 | 000000
MC L
1
1 1{000000
MC to Int 1 3461
2| 003461
2 2 | mctoMc-DR | 00000 | 000000 000000
1] (1-2),(3-6) 3461 34 61 61
3] (5,(N,(9) | 03L61 [ 003461 003461
3 025137 | 3| 003461 |2timesM | 003461 { 000000 | 003461
uP 1 7649 toMC-DR 6922 6922 6922
Z | 000001 34)(4-8) | 10383 | 006922 | 010383
(5),(9)
L L | 000000 | 2 times MC | 6 times MC 006922 | 010383
MP to Int | 1 251371} toM-IR to MC-DR 6922 6922
5 1 025137]| (4-8),(5 (7, 9 013844 | 017305
5 5
1 to WP
6
6 025137
85973 to b
000000
7
to PQ to DD
g
to RQ
9
16 I3 03561 lo1o0323 lo138rs 1017305
1 7649 9 727 97266 973 5
7 occc | CcccCcoc 1 ToccocCoo 0CCCCO0
1 000000 | 7
8699 |3
008699 |0
P

Figure 31 A
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CYCLE 2 CYCLE 3 CYCLE 4
INTERMEDIATE MG- DR (1-2) MC - DR (I-2)
MC- DR (3-6) MG- DR (3-6)
' MG- DR (4-8) MC - DR (4-8)
MG- DR (5) MG-DR (5) MG - DR (5)
\ MG-DR (7) \ MG- DR (7)
\ \ \
MG- DR (9) ! Mc-DR (9) 1 MG-DR (9)
Figure 32

multiples of MC-DR. Twicethe MC isreadfrom the doubling moldings of MC-DR (1-2) to MC-DR (4-8)
and (5). Six times MC is read from the doubling moldings of MC-DR (3-6) to MC-DR (7) and (9),
(Fig. 32). The sequence counter advances to five.

Cycle 5
The positive absolute value of MP is read to the MP counter from the intermediate counter. The
sequence counter advances to six. The cycle counter advances to one.

Cycle 6
 a nine stood in the twenty-fourth column of the intermediate counter (MP = - 0), a nine is read into
the forty-seventh column of PQ. There is no end around carry from column forty-seven to column one
of PQ. The eight spot of column forty-seven of PQ is jumpered to the zero spot. The algebraic sign
is, therefore, cared for in the following manner,

+ »+ = + corresponds to 0 + 0 = 0,

+
.
]
]

- corresponds to 0+ 9 = 9,

]
.
+
it

- corresponds to 9+ 0 = 9,

+ corresponds to 9 + 9 -8 —=0,
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If, at the end of multiplication, a nine stands in the forty-seventh column of PQ, the product is in-
verted as it is read out into the buss, since it stands in PQ as a positive absolute magnitude, The
intermediate counter resets and is ready for the next multiplying or dividing operation, Under control
of the cycle counter, the multiples corresponding to the digits in the first and second c¢olumns of MP
are added into PQ and DD respectively. The cycle counter is advanced to two.

The multiples of MC cqntiriue to be selected in pairs and added, while the shift circuits advance
the columns of entry into PQ and DD under control of the cycle counter, If both of a pair of digits of
MP, one in an odd and one in an even column,b are zero, the next pair of multiples is immediately
properly shifted and added. If the entire MP is zero, cycle 6 is combined with cycle 9, If the MP is
not zero, but contains n non-zero digits in either the odd or even numbered columns, whichever is the
greater, then n - 1 cycles intervene between cycle 6 and cycle 96 + n. Thus, in order to increase
the speed of multiplicétion, whenever possible the number having the fewer non-zero digits should be
used as the multiplier. If a multiplication is to be performed in which one factor is a constant, this
quantity should usually be used as the multiplier because the number of non-zero digits and their po-
sitions are known. This makes it possible to interpose a predetermined number of operations during
the multiplication, (See Chapter IV, Coding, Multiplication.)

Cycle 7 (4 + n)
A pair of multiples is added into PQ and DD. The cycle counter is advanced.

Cycle 8 (5 + n)
The last pair of multiples is added into PQ and DD, The cycle counter is advanced,

Cycle 9 (6 + n)
The first DD to PQ transfer takes place. The quantity standing in the lower half of DD is added into
the lower half of PQ. The cycle counter is advanced for the last time, If MP = 0, this cycle combines
with cycle 6,

Cycle 10 (7 + n)
The second DD to PQ transfer takes place. The quantity standing in the upper half of DD is added into
the upper half of PQ., The MC-DR,MP and cycle counters are reset in preparation for the next oper-

ation, If the multiplying operation is interrupted, these counters together with the intermediate,
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csesk 73T -

sequence and PQ sign counters must be manually r
counter advances to seven, The sequence mechanism reads the last line of multiply coding (blank,C, .
Cycle 11 (8 + n)

The product is read out to storage counter C via the buss and the multiply plugging, (See Chapter V,
Plugging Instructions,) The product is inverted if a nine stands in the forty-seventh column of PQ.
The sequence counter and the forty-seventh column of PQ, the sign counter, are reset. The sequence

mechanism reads the next line of coding.
It may readily be seen from Fig. 31 that the rounding off error in multiplication is less than one

in the lowest order column read out; i.e., if the operating decimal point lies, for example, between

Included in Appendix IV are the circuits of the low ordér read-out of PQ and of the normalizing
register, both descfibed in Chapter II, The use of these circuits and their coding is considered inde-
tail under High Accuracy Computation and Normalizing Register in Chapter 1V,

Division makes use of all of the functional countersused in multiplicﬁtion except the MP counter.
This process does, however, make use of the QS counter, previously described on page 72, The pair
of dial switches just to the right of the sequence mechanism must be set to 22 - n where theoperating
decimal point lies between columns n and n+1, Division also requires plugging to terminate the
operation after the desired number of comparisons have been made, This plugging and the coding
controlling it are considered under Division in Chapters IVand V.

Figure 33 shows the transfer, cycle by cycle, of the quantities in the multiply-divide unit during
division. Again the miniature six-column calculator is used for purposes of illustration, The division
of - 0.375 by + 0.213 to give - 1.760 is performed, The operating decimal point is considered to lie
between columns three and four, the divide switch being set at 4 - n = 4 - 3 = 1, since column four of
the miniature calculator corresponds to column twenty-two of the actual machine, The division is
considered to be plugged for five comparisons.

Cycle 0
The sequence mechanism reads the first line of divide coding (A, 76, blank), The sequence counter

advances to one,
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Cycle 1
The DR is read from storage counter A via the buss to the intermediate counter. The intermediate
carry circuits, including end around carry, are energized. The DD, PQ and QS counters are reset,
The sequence counter advances to two.

Cycle 2
The positive absolute value of DR is read, without traversing the buss, to MC-DR (1-2), (3-6), (5), (7)
and (9) so shifted that its highest significant digit appears in the twenty-third column of MC-DR (1-2),
The complement on nine of the number of columns the DR is shifted left is read into the QS counter,
An elusive one is read into the first column of the QS. counter, The sequence counter advances to
three,

Cycle 3
If a nine stood in the twenty-fourth column of the intermediate counter (DR < - 0), a nine is read into
the forty-seventh column of PQ. The intermediate counter resets, The first build-up takes place.
Twice the DR is read from the doubling moldings of MC-DR (1-2) to MC-DR (3-6), (4-8), (5) and (9)
within the multiply-divide unit, The sequence counter advances to four. The sequence mechanism
reads the second line of divide coding (B, blank, blank),

Cycle 4
The DD is read from storage counter B via the buss to the intermediate counter, The complete inter-
mediate carry circuits are energized, The second build-up takes place, completing the nine integer
multiples of DR. Twice the DR is read from the doubling moldings of MC-DR (1-2) to MC-DR (4-8)
and (5). Six times DR is read from the doubling moldings of MC-DR (3-6) to MC-DR (7) and (9), The
quantity standing in the divide switch is read into the QS counter, The sequence counter advances to
five,

Cycle §
The positive absolute value of DD is read into the DD counter so shifted that its highest significant
digit appears in the forty-fifth column of DD, The number of columns the DD is shifted left is read
into the QS counter, completing the computation of the number of columns the quotient must be shifted

to the right when it is read out, The sequence counter advances to six and the cycle counter to one.



ELECTRICAL CIRCUITS

Cye Storage Intermediate | MC-DR (1-2) | MC-DR (3-6) | HC-DR {4~ uc-br (5)
No. Counter Counter Counter Counter Counter Counter
0 000213 0 000000 0000 000000 000000 000000
DR 1 :
1
1 1 000000
DR to Int By 213
2 000213
2 2 DR to MC~DR 00000 000000 000000
1) (1-2),3-6) | 21 213 21
3 | (5),(7),9) } 21300 | 021300 021300
3 299624 2 00021312 times DR 021300 000000 021300
DD 1 897 to MC-DR L 26 b 26 L 26
L { 000000 (%—6),54-8) 063900 | 042600 | 063900
5),(9)
4 L 000000 | 2 times DR 6 times DR 042600 063900
DD to Int 1 999624 to MC-DR to MC-DR 4 26 b 26
5 | 9998624 | (4-8), (5) N, 9 085200 {|106500
5 5
1 to DD
6
6 999624 to DR to DR to DR to DR
111486 Compare Compare Compare Compare
000000
7
inverted
to DD
8 to DR to DR to DR to DR
Compare Compare Compare Compare
1C to DR to DR to DR to DR
Compare Compare Compare Compare
11 6 times DR
inverted
to DD
) to DR, tc DR L] to DR
Compare Compare Compare Compare
13 to DR to DR to DR to DR
Compare Compare Compare Compare
14 6
1 inverted
7 to DD
15 000000 7 21300 063900 085200 106500
998239 | 3 8917 4L 71 258 9 45
998239 0 00000 000000 000000 000000

Figure 33 A
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MC-DR (7) MC-DR (9) Qs Cyc DD n Cyc
Counter Counter Ctr Ctr Counter Counter No.
000000 00000 2 0 163649670 885320754814 (o}
2 163649670 88532075484 1
8 9LT7T46143 22578 35626
0 000000000 00000000000
000000 000000 0 2
213 213 7
021300 021300 1
8
021300 0 3
226 _
063900 0
021300 063900 8 L
1278 12178 1
149100 191700 9
9 [o] 00GO0O0OO0O0O0 5
2 .y 375 '
1 1 375000000
to DR to DR to DD o] 6
Compare Compare Compare 9
9
1 375000000 90000000000 7
1 78699 1
2 1 91000000000
162000000
to DR to DR to DD 8
Compare Compare Compare
inverted 2 162000000 91000000000 9
to DD 1 85 899 7
3 1 91700000000
012900000
to DR to DR to DD 10
Compare Compare Compare
3 012900000 91700000000 1
1 872199 6
L 1 91760000000
100120000
to DR to DR to DD 12
Compare Compare Compare
to DR to DR to DD 13
Compare Compare Compare
L 100120000 91760000000 1
1 893499 5
5 1 91760500000
101013500
14,9100 191700 5 9 15
9619 9193 5 L to Storage
000000 000000 0 )

Figure 33 B
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C‘ycie 8.
If a nine stood in the twenty-fourth column of the intermediate counter (DD < - 0), a nine is read into
the forty-seventh column of PQ, completing the determination of the algebraic sign of the quotient by
the same means as are used in multiplication. The intermediate counter resets and is ready for the
next multiplying or dividing operation. The nine integer multiples of the divisor are read to the DR
compare relay and the dividend is read to the DD compare relay. A sensing circuit through the com-
pare relays selects the largest multiple of the divisor less than the dividend. If all multiples are
greater than DD, the cycle becomes a "no go" cycle and the comparison is made again, shifted one
column to the right, in the next succeeding cycle, Since all comparing operations are identical, the
comparing circuits and their operation w11 be illystrated and described in connection with cycle 10,

Cycle 17
The selected multiple of DR is subtracted from DD, with an elusive one added in the first column of
the subtrahend. The digit defining the multiple is entered in the PQ counter. The cycle counter is
advanced, |

Cycles 8 and 9

Thesge two cycles of the example duplicate the compare and subtract operations described in cycles 6

Cycle 10
This cycle duplicates the comparing operations performed in cycles 6 and 8. According to Fig, 33,

the quantity 012900000 now stands in the DD counter. Since, in the exampie, cycie 1 makes the third

(41

comparison, the quantity 129000 is transferred tothe DD compare relay. This transfer is accomplished
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which one eolumn is shown in Fig. 34, In these and following circuits, certain relay
and hold points, not necessary to the discussion, have been omitted for the sake of brevityand clarity,
The complete circuits will be found in Appendix V.,

The quantity 129000 is transferred to the DD compare relay by impuises derived from the cam
controlled contacts CC-1 through -9. By impulses derived from the same cam controlled contacts,
Fig. 34, cach of the nine integer multiples of the divisor is read to the DR compare relay, The com-

pare relays are all provided with hold circuits, not shown in the figure, such that these relays once
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+ CC-24
a ~ N DD COMPARE
RELAY
3 3 2 ! COLUMN 6
DR GCOMPARE
- . - RELAY
o 3 z2) 2 COLUMN 6
4 OVER 3 OVER 2 OVER 1 OVER
4 UNDER 3UNDER 2 UNDER | UNDER
OVER - UNDER RELAY
o - A DD GOMPARE
9 Ts T+ s Ts RELAY
F COLUMN 6
L , ! DR COMPARE
9-1 8- T-2 -1 6-1 5-1 RELAY
9 OVER 8 OVER 7 OVER 6 OVER 5 OVER COLUMN 6
9 UNDER 8 UNDER 7 UNDER 6 UNDER 5 UNDER
OVER- UNDER RELAY ( _
Figure 35

picked up remain energized until twelve time, With the aid of the compare relays, DD is compared
with each of the nine integer multiples of DR at one and the same time. How this is accomplished will
be explained for the case of the sixth column of the miniature calculator, The integer standing in this
column of DD is one, The integers standing in the corresponding columns of the multiples of DR, one
through nine,are 0, 0, 0, 0, 1, 1, 1, 1, 1, respectively, At "one time" the DD compare relay is picked
up, At the same time, the DR compare relays associated with the five, six, seven, eight and nine
multiples are likewise picked up. As previously stated, all these relays are held until twelve time,
The DD and DR compare relays have contacts wired as shown in Fig. 35, known as the over-under
circuits. The over and under relays are picked up by impulses supplied by the cam controlled con-
tact, CC-24, which is timed one-quarter impulse later than each of the number impulses derived from

CC-1 through -9, Each over relay is picked up through a normally open point of a DR compare relay
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and a corresponding normally closed contact of the DD compare relay, Similarly, each under reléy
is picked up through a normally closed point of a DR compare relay and a corresponding normally
open contact of the DD compare relay. Three cases must now be distinguished. (1) If the digit of a
DR multiple is greater than the digit of DD, the DR compare relay corresponding to the given multiple
is picked up before the DD compare relayand a circuit is completed through the normally closed point
of the DD compare relay and the normallyopen point of the DR compare relayto pick up the over relay,
(2) If the digit of a DR multiple is less than the digit of DD, the DR compare relay corresponding to
the given multiple is picked up after the DD compare relay and a circuit is completed through the nor-
mally open point of the DD compare relay and the normally closed point of the DR compare relay to
pick up the under relay. This is true of the one, two, three and four multiples in the example under
consideration, (3) If the digit of a DR multiple is equal to the digit of DD, the DR and DD compare
relays are picked up simultaneously and no circuit is completed to pickup either an over or an under
relay, This situation occurs in the case of the five, six, seven, eight and nine multiples in the example.
All of the over-under relays, like the compare relays, are held until twelve time. Recalling that
Figs. 34 and 35 are drawn for one column only, it should now be clear that the miniature calculator
has six DD compare, fifty-four DR compare and ninety-nine over-under relays corresponding to
| twenty-four Dl? compare, 216 DR compare and 423 over-under relays in the calculator itself.
The over-under relays of all columns have contacts connected to form nine identical circuits,

called Q control circuits, one of which is shown in Fig, 36. These circuits are supplied with an
—Q —O
. OVER
RELAYS
: * ™ UNDER
RELAYS

coL-e COL-5 GOL-4 COL-3 coL-2  cOoL-l

Q- GONTROL - 6 % _

+ CC-37

Figure 36
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the nine Q control relays. The operation of these circuits may be made clear by a discussion of the
relays associated with the two highest columns. Three cases must again be distinguished, (1) If the
digit of a DR multiple is greater than the digit of DD in the sixth column, Fig. 36, the normally closed
over relay contact of column six will be open. No circuit will be closed to pick up a Q control relay.
(2) I the digit of 2 DR multiple is less than the digit of DD in the sixth column, the over relay contact
remains closed, the under relay transfers its contact and the circuit is completed to energize a Q con-
trol relay, (3) If the digit of 2 DR multiple is equal to the digit of DD in the sixth column, neither the
over nor the under relay is picked up. In this case the operation of the circuit is controlled by the
over-under relays associated with the fifth column and so on.

In the particular case of the example under consideration, the sixth Q control relay is picked up
by the normally open under relay contact of column four, since the digits in columns six and five have
been found equal., The Q control relays once picked up are held until nine time,

The last step in the comparison cycle consists of the selection of the multiple of the divisor to
be subtracted from the DD counier in the next succeeding cycle, This is accomplished by the circuit
shown in Fig. 37 made up of contacts of the Q control relays of which there are nine, one for each
integer multiple. The Q control relays have, by the over-under relays, been divided into two classes:
those not picked up, corresponding to DR multiples greater than DD; those which are energized and

correspond to DR multiples less than DD, In Fig,.37, the cam controlled contact CC-31 at twelve and

+ GC-3i Q CONTROL RELAYS

] ﬁJ i m pu ] F*LJ ul f"'
]

TIMES RIGHT RELAY

Figure 37
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one-half time delivers an impulse to pick up the appropriate part of the "times right" relay corre-
sponding to the positions of the contacts of the Q control relays. In the example, the nine, eight and
seven multiples are all greater than DD, while the six multiple is the largest multiple less than DD.
Hence, the impulse supplied by CC-31 passes through the normally closed Q control contacts nine,
eight and seven, and through the normally open contact, six, to the six times section of the times right
relay, In the next cycle this six times section of the times right relay serves as an out relay when
reading the selected six multiple to the DD counter for subtraction, The times right relay also
éontrols the entry of the digit defining the multiple into the PQ counter. The simple circuit for ac-
complishing this is given in Appendix V.

Cycle 11
This is a subtract cycle duplicating the subtracting operation of cycles 7 and 9, The appropriate digit
is entered into the PQ counter. The cycle counter is advanced.

Cycle 12
This is a comparé cycle which yields a no go in the example,

Cycle 13
This is the fifth compare cycle, The place limitation plugging becomes operative to energize the relay
circuits terminating the division under discussion. If the caleculator is plugged for n comparisons, a
minimum of n +1 cycles and a maximum of 2n cycles will occur between the reading of the dividend
to the DD counter (cycle 5) and the read-out of the quotient (cycle 15),

Cycle 14
The last‘ subtraction is made in the DD counter and the last digit of the quotient entered in the PQ
counter, The cycle and sequence counters are advanced for the last time, The sequence mechanism
reads the last line of divide coding (blank, C, 7).

Cycle 15
The quotient is read out to storage counter C via the buss and that part of the quotient-shift relay
selected by the quantity standing in the QS counter, The quotient is inverted if a nine stands in the
forty-seventh column of PQ, The MC-DR, sequence, cycle and sign (forty-seventh column of PQ)

counters are reset, The sequence mechanism reads the next line of coding,
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lowest order column read out, or less than one in the column in which the last comparison is made.
If the operating decimal point lies between columns 15 and 16 and division is plugged for n compari-
éons, the rounding off error is less than 1x 10°¥or 1x 10~1, whichever is the greater,

The discussion of division completes the description of the fundamental computing circuits of
the calculator, those of addition, subtraction, multiplication and division, There remain to be dis-
cussed the functional units. These consist of subsidiary sequence circuits which control the multiply-
divide unit and certain special counters. These counters are mounted to the right of the multiply-
divide unit, Plate XI, and are arranged as shown in Fig,38. Among the special counters are the
iogarithm in-out counter {LIO), the logarithm counter {LOG), the exponential in-out counter (EIO) and
the sine in-out counter {SIO), As described on pages 37and 38, the LIO and SIO counters are available
for arithmetic operations in addition to their normal use in their respective units. The logarithm
sequence (LS), logarithm cycle (LC), exponential sequence (ES) and two sine sequence (SS 1 and SSz)
counters are subsidiarysequence controls similar to the sequence and cycle counters of thevmultiply—

divide unit, Inaddition to the functional counters and the multiply-divide unit,these sequence counters

PRINT I (1-12)
PRINT I (13-24)

PRINT I (1-12)

PRINT T (I13-24)

o9, Ixp | INT ck INTERPOLATION
Li0 (i-20)
Es | Lc | Ls LOG (1-23)
EIO (1-24)
SS, | S8, SI0 (1-24)
LS, (LS, | PS PUNCH (1-24)

Figure 38
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also control certain table relays. The wiring of a table relay (columns thirteen through twenty-four)
containing 7 and reading directly into the buss is shown in Fig.39. Such a relay is picked up through
the subsidiary sequence control and held through one of its own points during that part of a machine
cycle given over to the nine number impulses,

Since the computation of the logarithm, exponential and sine is accomplished by the multiply-
divide unit operating in conjunction with the functional counters and certain table relays, a complete
discussion of the electro-mechanical tables of these functions would further require onlyadescription
of the functional sequence circuits, The theory of the methods employed together with the order in
which the operations are performed in the computation of the logarithm, exponential and sine was set
forth on pages 28 through 37 of ChapterIl. The sequence circuits of the functional units are elaborate
extensions of the circuits already described under multiplication and division covering a great many
cycles, They would require a protracted discussion to set forth their operations cycle by cycle, Since
no new ideas of circuit design are introduced, the description would add but little to an understanding
of the basic principles of the calculator. Hence, the functional units will receive no further attention

here,

BUSS COLUMNS 24-13

T RELAY

LT T

CG-1 GG-2 CC-3 l CC- t CC-5 GC-6 CC-7 CC-8 CGC-9

\ +
NUMBER IMPULSE CAMS

Figure 39



92

ELECTRICAL CIRCUITS

The interpolaior units make use of three special counters (Fig. 38), the inierpolation, the in-
terpolation check and the )g counters, All three of these function during tape positioning. As stated
in Chapter II, the interpolation counter receives the argument (and the highest order column of h)to
which the tape is to be positioned. The interpolation check counter also receives the argument, in
order to check the position of the tape when the interpolator mechanism has come to rest. The X;
counter counts the number of coefficients passed over in stepping the tape and signals for a one to be
added or subtracted from the interpolation counter for each argument passed over. Once the tape has
been positioned, relay networks together with the Xt counter control the computation, The interpo-
lation sequence circuits again are of the same general type as those used in the functional units,
dictating the operations to be performed by the multiply unit, The process of interpeolation, however,
is further complicated by the necessity of reading numerical values from a tape, The reading of a
functional or value tape is similar to the reading of a sequence control tape, except that four lines of
holes, covering the same space as two lines of coding are read simultaneously, (Figs, 13 and 14),
Fig. 40 shows one column of the wiring employed for this purpose, The reading contacts are closed
in the distribution demanded by the punching in the tape, not shown in the figure, An impulse supplied
by FC-54 passes through the closed reading contacts to energize the value tape relays. These relays

are held through their own fourth points and FC-55, The value tape relays, like the sequence relays,

COLUMN N

READING CONTACTS FC-54 FG-55

05 F

VALUE TAPE RELAYS

Figure 40
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form a cascade, The nine number impulses are read through a cascade (Fig. 41) for each column of
the tape to the corresponding column of the buss, Actually, Fig. 41 is drawn for the case of a value
tape rather than a functional tape and hence reads directly into the buss wiihqut passing through the
plugging and relays as required by the process of interpolation. (See Chapter V, Interpolators,)

In addition to the counters given over to the electro-mechanical tables of functions, Fig, 38 also
shows the print and punch registers employed in the recording of compﬁted results, The punch regis-
ter has twenty-four double molding counters and is equipped with complete carry circuits including
endaround carry, The first moldings are employe& for resets and for ordinary read-outs, thus making
the punch register available for use as an additional storage counter, The second moldings are used

to deliver the quantity standing in the punch register to the punchitself, Thisisaccomplished by means

BUSS COLUMN N

N o )

4-2

4-3

ik d
| CC'7- CC-64{ GC-5 +

NUMBER IMPULSE CAMS

O 9

cC-4t1 CGC-3 cC-2 CC-9 CG-81 GC-I

Figure 41
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of the circuit shown in Fig, 42. An impulse through the column selection contact of the punch and
through the energized punchrelay passes to the half slip ring of the twenty-fourth column of the punch
counter, From the half élip ring it travels via the brushes to the number spot, through another con-
tact of the punch relay to the punch magnets. The punch magnets control the punches which periorate
a standard tabulating machine card as shown in Fig.43, The quantity e, the bése of natural logarithms,
and a serial number have been entered in this card. The operation of the punch magnets also com-
pletes circuits which control the forward motion of the card to the next column and the movement of
the column selection contact to the next lower column of the punch counter, The operation is repeated
until the integer in column one has beenpunched. The card is then skipped out of the punch and stack-
ed. The punch relay is energized and the punching operation initiated by the code Miscellaneous 5.
The normally closed contacts of the punch relay, not shown in the diagram, complete the ordinary

read-out circuits of the punch counter,
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Figure 43

The punch is equipped with a special circuit such that if there is no card in punching position,
a stop control prevents punching, stops the calculator and lights a red signal light. Other than this
circuit to avoid the loss of computed results, the punch wiring is of the standard type described in
the publications of the International Business Machines Corporation,

The moveable column selection contact of the punch is replaced in the print circuit by the print
step counter (PS), (Fig. 38). The print circuit is similar to the punch ‘circuit, but considerably more
complicated due to the fact that the complements on nine as delivered to the print counters must be
inverted and printed in true form. The print circuit is further complicated because of the flexibility
required in the printing operation, For example, the typewx;iter plugboards provide controls by means
of whichzeros may be dropped off to the right and left, decimal points and minus signs may be printed
and the digits of the quantityhorizontally spaced as desired., The plugging of the two line step counters
(LS 1 and LS 2) controls the vertical spacing of the quantities being printed. All of the plugging neces-
sary to the printing operation is described in detail in Chapter V,

The two print counters (Fig. 38) have complete carry circuits, including end around carry, and
may perform all of the operations of normal storage counters, They consist of twenty-four four
molding counters., The first molding is used for ordinary operations and resets. However, all four
moldings are used to deliver the quantities in the print counter to the magnets which operate the num-

ber keys of the typewriters, Except for these magnets the typewriters (Plate XIV) are standard
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writing machines manufactured by the International

detail in that company's publications,

Located just below the typewriters (Plate XIV) are two card feeds, These read quantities from
standard tabulating machine cards (Fig, 43) into the calculator under control of the sequence mecha-
nism, Sequence relays control the pick up of the solenoids directing the downward motion of the card
through the feed and the pick up of the brush control relay, The nine number impulses, provided by

the control cams CC-17, 19, 21 and 23 are routed through a brush to the common roller, (Fig. 44).

CONTROL CAMS

READING PLUG )

BRUSH WIRE BUSS

1S

PATH OF CARD

+ FC-17 READ-OUT OF
, ' CARD GOLUMN N
é .!5 GUIDE ROLLERS
FG-19 MAKE ]
H
Q -
% 5 ' BRUSH
N A e GARD CONTROL
BREAR | Fe- 23 GaRD RELAY
R_.__ —} +~——0~0—0—
@/

obg

Figure 44

The reading brush of each cardcolumn makes contact with the common roller through the perforations
in the card, The motion of the card between the brushes and the common roller is so timed that the
number impulses and the number perforations in the card are synchronized. From the reading brush,
the impulse travels via the plugging and the brush control relay to the buss., The card feeds are

equipped with an automatic control such that a card jam or lack of cards in the feeds will stop the
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calculator and light a red signal light. Like the card punch and the typewriters, descriptions of the
card feeds may be found in the publications of the International Business Machines Corporation,

The card feeds are the last of the component parts of the calculator to be described in this
chapter. The discussion of electrical circuits here given is far from complete, It is hoped, however,
that it will furnish an adequate preparation for the coding and plugging procedures to be discussed in
the two following chapters. These, followed by a study of the examples given in Chapter VI, will |
enable a mathematician to make full use of the calculator, and to exploit its facilities to the greatest

possible advantage,
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CHAPTER IV
CODING
"These Babes of Grace should be taught by a master well verst in the cant language
or slang patter, in which they should by all means excel,"

Early Elizabethan. Quoted in "Secret and Urgent" by Fletcher Pratt
The basic codes initiating the various available operations of the calculator may be employed
one after another as required in the solution of a problem without further change. However, in order
to attain the maximum speed of computation, full advantage must be taken of the methods of interpo-
sition, These are governed bya set of rules which can best be made clearby the study of a large num-
ber of examples, There are many coding routines, such as that for determini_ng the square root by an

iterative process, which occur so frequentlyas to make standard coding procedures of real value, This

chapter includes the following sections containing the basic codes and certain of the longer procedures.

Section Page Section Page
Operational Codes 1] Exponential Unit 165
Timing 105 Iterative Processes 170
Switches 107 | Sine Unit 182
Storage Counters 109 Interpolators 185
Multiplication 111 Design of Functional Tapes 195
Division 120 Methods of Diiferencing 202
Choice Counter ‘ 129 Central-Difference Interpolation 206
Automatic Check Counter ‘ 13i Newton-Gregory Difference Formula | 217
Multiple In-Out Counter 133 Subtabulation - 224
Logarithm In-Out Counter 137 Inverse Interpolation 227
Sine In-Out Counter 139 Card Feeds ‘ 228
High Accuracy Computation | 142 Card Punch 231
Normalizing Register 159 Printing 236
Logarithm Unit 162 Interposition of Machine Stops 241
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The operational codes include all codes except those of the switches and the storage counters,
An operational code is defined as automatic if it initiates a process which controls the operation of
the machine for one or more succeeding cycles, A code which is non-automatic is read, acted upon
and the sequence mechanism steps to the next line of coding but does not read it, A non-automatic
code must lie under the control of an automatic code or a Miscellaneous 7 must be added.

Automatic Codes

ouT IN MISC.

Stop code. If the control switch on the sequence mechanism is down 817
and the stop key depressed, the machine will stop on the line follow-
ing the next 87 code.

Read the next line of coding and step to the one beyond. If the control 7
switch on the sequence mechanism is in the up position and the stop
key down, the machine will stop on the line following the next 7 code.

Punch and complete punching before starting next operation. Stop the 51
machine if there is no card in punching position, :

Print and complete printing before starting next operation, Used 6
when 752 or 7521 is in the In column,

Drop out tape selection relays. 61
Automatic check. 64
Interpolator position tape to the closest lower value of the argument, . 641

May replace 61.

Read into EIO counter, 741

Read into print counter I, _ 7432
Read into print counter II, 74321
Read into punch counter, Stop the machine if there is no card in 753

punching position,
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oUT IN MISC,

Divide, 76
Multiply. 61
Logarithm. 762
Exponential, 7621
Interpoiate. - 763
Sine. 7631
Select interpolator I. 7654
Select interpolator II. 76541
Select interpolator III. 76542
Print counter I half pick-up. 76543
Drint counter 1T half pick-up. 765431
Read into SIO counter (read-in II, plugged). 8741
Read out of EIO counter. 832
Read "h" correction into intermediate counter. 841
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Non-Automatic Codes

Read out negative absolute value from storage counter,
Read out positive absolute value from storage counter.
Invert read-out of IVS or switch,

Reset IC counter.

Reset EIO counter,

Invert read-out of any storage counter or switch exeept IVS,
Reset SIO counter,

Invert or do not invert read-out of any storage counter or switch
(except IVS) under control of counter 70.

Punch.

Step interpolator I aheé.d.

Step interpolator II ahead.

Step interpolator III ahead,

Step interpolator I back

101

ouT

~IN

MISC.

21

31

i

432

53

531

532

54
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ouT IN MISC
Step interpolator II back. B 541
Step interpolator III back. 542
Pick up interpolation sequence control relay. ’ 62
Rgset LIO counter. 63
Read from card feed I, % 632
Read from card feed II. 6321
Place limitation in division. 643
Place limitation in division. 6431
Place limitation in division. 6432
Place limitation in division. 64321
Print on typewriter L. ' 752
Print on typéwriter m. 7521
Read into LIO counter, : 765421
Read into normalizing register. 8321
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Special read-in for counter 64 "ganging" carry controls of counters
64 and 65,

Special read-in for counter 65 "ganging" carry controls of counters
64 and 65,

Special read-in for counter 68 "ganging" carry controls of counters
68 and 69, '

Special read-in for counter 69 "ganging" carry controls of counters
68 and 69,

Read into SIO cO@ter (read-in I, direct).

Read out of LIO counter (plugged read-out),

Read ogt»power of ten from normalizing register.

Read out of SIO counter (read-out II, plugged).

Reset print counter I.

Reset print counter II.

Reset punch counter.

Read out of IVS.

Read tape I.

Read tape II.

103

our IN MISC.

87
871
873
8731
874

831

8321

84

842

8421

843

8431

85

851
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Read tape III.
Read out of (into) columns 13-24 of counter 71 into (from) columns

13-24 of the buss.

Read out of (into) columns 13-24 of counter 71 into (from) columns
1-12 of the buss.

Low order PQ counter read-out. Read out columns 1-23 and the
algebraic sign of PQ counter. Must directly follow a high order
product-out or a quotient-out,

Read out of print counter 1.

Read out of print counter TI.

Read out of punch counter.

Argument control, drops off zeros to the right.

Turn on typewriter II,

Turn on typewriter I,

Turn off typewriter T,

Turn off typewriter I.

Read out of SIO counter (read-out I, plugged).

Read out of SIO counter (read-out III, direct).

(@]
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=
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852

853

(853)

8531

(8531)

86

8621

863

87

871

872

8731

8732

874

8741
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TIMING

The unit of time employed by the machine is the cycle; 200 cycles equal one minute.

Except for certain functional operations, one line of coding corresponds to one cycle of machine
time,

Multiplication requires 8 + n cycles, where n is the number of non-zero digits inthe oddor even
columns of the multiplier whichever is the greater. Multiplication consumes a minimum of time
when the multiplier is zero: 8 cycles = 2.4 seconds, When the multiplier contains 23 non-zero
digits, maximum time is consumed: 20 cycles = 6.0 seconds,

Division requires 6 + 2n cycles, where n is the number of comparisons for which division is
plugged, Division covers a minimum of time when the operation contains but one subtract cycle:
7 +n cycles: a maximum of time when it is plugged for 23 comparisons and there are no "no
go's": 52 cycles = 15,6 seconds,

Logarithms require 114 + 8n cycles, where n is the number of comparisons for which division
is plugged, The divisions, which are a part of the logarithm sequence, are carried through 23
comparisons unless division is plugged for fewer comparisons, If division is plugged for 23
comparisons, the computation of a logarithm requires at most 298 cycles = 1,49 minutes = 89,4
seconds,

Exponentials require 172 + 2n cycles,where n is the number of comparisons for which division
is plugged, The division, which is part of the negative exponential sequence, is carried through
23 comparisons unless division is plugged for fewer comparisons. If division is plugged for 23
comparisons, the computation requires at most 218 cycles = 1,09 minutes = 65.4 seconds, If
x is known to be positive, the exponential computation is reduced to 187 cycles = 0.835 minutes
= 50,1 seconds,

Sines require 199 cycles = 1.0 minutes = 60 seconds.

Interpolation of order k

(a) Positioning time for any tape is
P = 8 + N(k + 2)/2 cycles, maximum
where N = the number of arguments in the tape

k + 1 = the number of interpolational coefficients including CO‘

(b) Computation time is
C = 7+ k(4+n') cycles
where k + 1 = the number of interpolational coefficients including C 0
If the maximum number of digits in any interpolational coefficient is 2d; i.e., even, then
n' =d. :

If the maximum number of digits in any interpolational coefficient is 2d + 1; i.e., odd, then
n'=d+1,
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CODING

Punching a card through 24 columns and resetiing the punch counter requires 1J cycies.

Printing and resetting the print counter requires (10c/27) + 4 cycles, where ¢ is the number of
column selection plughubs up to and including the reset. An allowance of 23 cycles between
prints is sufficient for any printing.
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SWITCHES
No Code No. Code No. Code
1 741 21 75431 41 7651
2 742 22 75432 42 7652
3 7421 23 754321 43 76521
4 743 24 76 44 7653
5 7431 25 761 45 76531
6 7432 26 762 46 76532
7 74321 27 7621 47 765321
8 75 28 763 48 7654
9 751 29 7631 49 76541
10 752 30 7632 50 76542
11 7521 31 76321 51 765421
12 753 32 764 52 76543
13 7531 33 7641 53 765431
14 7532 34 7642 54 765432
15 75321 35 76421 55 7654321
16 754 36 7643 56 8
17 7541 37 76431 57 81
18 7542 38 76432 58 82
19 75421 39 764321 59 821
20 7543 40 765 60 83

Independent Variable Switch, IVS, Code 8431
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Inorder to check the quantities inserted in switches, these should be printed out before a compu-

tation is begun,

Negative numbers are inserted in switches as complements on nine, or inserted positively and

read out using the invert code.

The number in any switch may be read into any storage counter or, under the operational codes,

into a functional counter.

To invert the read-out of any switch (except IVS), it is preferable to use the operational code 32
instead of the code 21 in the Miscellaneous column, To invert the read-out of the IVS, it is
necessary to use the operational code 21 in the Miscellaneous column,

Since the read-out codes of switches are non-automatic, they require a 7 in the Miscellaneous
column unless they are under the control of a preceding automatic code,

1. Read out sw. A into ctr. B; i.e., add sw. A into ctr, B,

2, Add minus sw, A (except IVS) into ctr. B.

3. Add IVS to ctr. B.

or

ouT IN MISC.
A B 7
B 732
A 721
8431 B 7
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CODING
ouT IN MISC.
4, Add minus IVS to ctr. B. 8431 B 721
5. Invert the read-out of sw. A (except IVS) under control A B 7432

of ctr. 70, and read into ctr. B. See Choice Counter,

If the number of constants desired for a problem exceeds the number of switches, the constants
may be read into storage counters not used in the problem by means of the 1VS.

If the number of constants in a problem exceeds the number of switches, they may be placed in
a value tape (see Interpolation) or if all three interpolators are in use, they may be placed in
card feeds or in counters as suggested in note (6).

" ngi 3
If 2 column of a switch is set on either of the blank positions between "0" and "9", numbers will
not bhe read out of that switch eolumn either normally or with an invert code. For example of

A LlalRdasis TateiTo AL AAAeRS

t u
use, see Logarithm In-Out Counter; example 8,
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STORAGE COUNTERS

No. Code No. Code No. Code
1 1 25 541 49 651
2 2 26 542 50 652
3 21 27 5421 51 6521
4 3 28 543 - 52 653
5 31 29 5431 53 6531
6 32 30 5432 54 6532
7 321 31 54321 55 65321
8 4 32 6 56 654
9 41 33 61 57 6541
10 42 34 62 58 6542
11 421 35 621 59 65421
12 43 36 63 60 6543
13 431 37 631 61 65431
14 432 38 632 62 65432
15 4321 39 6321 63 654321
16 5 40 64 64 "7
17 51 41 641 65 (p!
18 52 42 642 66 72
19 521 43 6421 67 721
20 53 44 643 68 73
21 531 45 6431 69 731
22 532 46 6432 70 732
23 5321 47 64321 71 7321
24 54 48 | 65 72 4

The number in any storage counter may be read into any other storage counter or, under the
operational codes, into a functional counter.

It is good practice to reset a storage counter just before using it. This frequently avoids the
necessity of starting tapes and preserves quantities in the machine as long as possible,

Counters 64, 65, 68, 69, 70, 71 and 72 are wired for special operations. These extra uses do
not invalidate their use as normal storage counters. The details of these extra functions will be
dealt with in sections concerning these counters,

The LIO and SIO counters may be used as normal storage counters and as special counters for
the addition of positive quantities and the shifting of quantities to the right or left. In any case,
they require special codes and plugging. See Logarithm In-Out Counter and Sine In-Out Counter,

Since the read-out and read-in codes of the storage counters are non-automatic, they require a
7 in the Miscellaneous column unless they are under the control of a previous automatic oper-
ational code,

Since the print and punch counters have complete sets of carry controls, including end around
carries, quantities may be read into them as into any storage counter except that their read-in
codes are automatic and must not be followed by a 7 in the Miscellaneous column. The read-in
to the punch counter must not be interposed in multiplication or division, See Printingand Card
Punch,

ouT IN MISC.

1., Add ctr. A to ctr. B. A B 7
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Add minus ctr. A to ctr. B.

Invert the read-out of ctr. A under control of ctr. 70
and read into ctr, B. See Choice Counter. ‘
Add absolute value of ctr. A to ctr. B.

Add minus absolute value of ctr. A to ctr. B.

Reset ctr. A.

our | N | misc
A B 732
la B 7432
A B 72
A B 7
A A 7
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MULTIPLICATION

Multiplication requires plugging to care for the decimal point, See Plugging Instructions.

Numbers may not be read into the multiplying unit from card feeds.

'The multiplicand, MC, and the multipliei , MP, may be interchanged without affecting the value

of the product, The number having the fewer non-zero digits should be used as the multiplier,

The read-out of a product may not be inverted. In order to read out a negative product, invert
either the multiplicand or the multiplier.

The product may be read out to a print counter or to the punch counter.

Two lines of coding, not involving the intermediate counter, may be interposed between the read-
in of MC and the read-in of MP, When operations are thus interposed, a 7 is required in the
Miscellaneous column of the line containing the read-in of MC.

If only one line is interposed between MC and MP, it must not contain an automatic code (or a
7 in the Miscellaneous column),

If two lines are interposed between MC and MP, the first must and the second 'may contain an
automatic code (or a 7 in the Miscellaneous column),

3 + n lines of coding, not involving the intermediate counter, may be interposed between the
read-in of MP and the read-out of the product. Here n is equal to the number of non-zero
digits in the odd or even columns of MP, whichever is the greater, Where operations are thus
interposed, a 7 is required in the Miscellaneous column of the line containing the read-in of
MP, :

If only one line is interposed between MP and the read-out of the product, it must not contain
an automatic cdde (or a 7 in the Miscellaneous column),

If two or more lines are interposed between MP and the read-out of the product, all but the last
line must contain automatic codes (or 7's in the Miscellaneous column). The line preceding the
read-out of the product must not contain an automatic code. .

If a zero MP is possible, no more than three cycles may be interposed between the read-in of
MP and the read-out of the product.

Card feeding, reading into the punch counter or the check procedure may be interposed in multi-
plication only when the coding is specially arranged. See Interposition of Machine Stops.

"Print and complete printing" or "punch and complete punching" should in general not be inter-
posed in multiplication, .

ouT IN MISC.

1. Multiply sw. or ctr. A by sw. or ctr. B and deliver the A 761
product to ctr. C.
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Multiply minus sw. {except IVS} or ctr. A by sw. or cir. B
and deliver the product to ctr. C.

Multiply sw. or ctr. A by minus sw. (except IVS) or ctr. B
and deliver the product to ctr. C.

Multiply the absolute value of ctr. A by sw. or ctr. B and
deliver the product to ctr. C.

Multiply sw. or ctr. A by minus IVS and deliver the
product to ctr. C.

Muitiply sw. or cir. A by sw. or cir. B, read the product
to print ctr. I and print on typewriter I.

Multiply sw. or ctr. A by sw. or ctr. B and deliver the
product to ctr. C. Interpose one addition between MC
and MP,

OUT | IN | MiIsC.
A 761 32
B

c 7
A 61

32

c 7
A 761 2

c 7
A 761
8431 21

c 7
A 761

7432

752 7
A 761 7
D E
B

c 7




10.

11,

12,

MULTIPLICATION

Multiply sw. or ctr. A by sw. or ctr. B and deliver the
product to ctr. C. Interpose one subtraction between
MC and MP,

Multiply sw. or ctr. A by sw. or ctr. B and deliver the
product to ctr. C. Interpose two additions between MC
and MP.

Multiply minus sw. (except IVS) or ctr. A by sw. or ctr.
B and deliver the product to ctr. C. Interpose an addition
and a subtraction between MC and MP. Turn on type-
writer I.

Multiply the absolute value of ctr. A by sw. or ctr. B and
deliver the product to ctr. C. Read from ctr. D to print
ctr. I and print on typewriter I with argument control
between MC and MP.

Multiply the negative absolute value of ctr. A by minus
sw. (except IVS) or ctr. B and deliver the product to ctr.
C. Step and read from value tape on interpolator I to ctr.
D, between MC and MP. Turn on typewriter I and turn
off typewriter II.
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out IN MISC.
761 7
E 32
C 7
A 761 7
D E 7
F G
B
C 7
A 761 732
D E 7
F G 32
B
872 C 7
A 761 T2
D 7432
81 752
B
C 7
A 761 (B!
85 753
872 D

Continued on next page
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12.

13.

14,

5.

CODING

(continued)

Multiply sw. or ctr. A by sw. or ctr. B and deliver the
product to ctr. C. Step the value tape on interpolator I
twice between MC and MP. Step and read from the tape
to ctr. D and then step twice more between MP and the
read-out of the product. Turn off typewriter I.

Multiply sw. or ctr. A by sw. or cir. B and deliver the
product to ctr. C. Interpose one addition between MP
and read-out of product.

Multiply sw. or cir. A by sw. or cir. B, reset ctr. C and
deliver the product to ctr. C.

Multiply sw. or ctr. A by sw. or cir. B and deliver the
product to ctr. C. Interpose two additions and two sub-
tractions between MP and read-out of product.

ouT IN MISC.
B 32
8731 Cc 7
A 761 7
753
53
B 7
85 753
D 7
8732 753
53
C i
A 761
7
D E
7
761
B T
C {C
C 7
A 761
B 7
D E 7

Continued on next page




MULTIPLICATION

16. (continued)

17.

18.

Multiply sw. or ctr. A by sw. or ctr. B and deliver the
product to ctr. C. Interpose a step and read from a
value tape on interpolator I between MC and MP. Inter-
pose a step and read from a value tape on interpolator I
and an addition and a reset between MP and read-out of
product.

Multiply plus or minus the quantity in sw. (except IVS)
or ctr. A under control of ctr. 70 by sw. or ctr. B and
deliver the product to ctr. C. Interpose two additions
between MC and MP. Interpose a print, reset of ctr. 70
and addition of an absolute value to ctr. 70 between MP
and read-out of product.
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ouT | IN | misc.
E 7
G H 732
T 32
c 7
A 761 |7
85 753
D
B 7
85 753
E 7
F G 7
c c
c 7
A 761 | 7432
D E 7
D F
B 7
G 7432
752 |7
132|132 |7
H 732 |2
c 7
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ouT IN MISC.
19. Multiply sw. or ctr. A by the absolute value of ctr. B and A 761 T
deliver the product to ctr. C. Interpose read-in and read-
out of LIO between MC and MP. Interpose reset of LIO, D 765421 |17
a print and addition of negative absolute value between MP
and read-out of product. 831 E
B 172
763
E 7432
752 7
F G 1
C 7
20. Multiply sw. or ctr. A by sw. or ctr. B and deliver the A 761 i
product to ctr. C. Interpose a print between MC and MP.
Interpose reset of ctr. C and read-in, read-out and reset D 7432
of SIO between MP and read-out of product.
752
B 7
C Cc 7
E 8741 7
8741 F 7
321
C ki

(i) If necessary, the biank In column of the line of coding reading the MD may be used to read the
MP simultaneously to a storage counter, to a print counter or to initiate printing.

ouT IN MISC.
21. Multiply sw. or ctr. A by sw. or ctr. B, simultaneously A 761 7
reading B to C and read the product to D. Note that this
may not be used to reset ctr. B. Print G between read- G 7432
ing of A and B. Interpose 4 cycles between read-in of
MP and read-out of product. 752

Continued on next page




MULTIPLICATION

21. (continued)

22. Multiply sw. or ctr. Aby B + C, print G and deliver the
product to ctr. D. Interpose other operations.

23. Multiply sw. or ctr. A by sw. or ctr. B, print B and deliver
the product to ctr. C. Reset ctr. C during multiplication,
Interpose other operations.
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our | IN | misc.
B c 7
85 753
E 7
85 753
D 7
A 761 7
c B 7
G 7432
B 752 |1
85 753
E 7
85 753
D 7
A 761 |7
p b 7
E E
B 7432
52 |7
c 7
F D 32
7
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24, Multiply sw. or ctr. A by B which is read from a value
tape. Simultaneously read B to ctr. B and deliver the
product to ctr, C. Reset ctr. C during multiplication.
Note line containing reset of D must be included if only
as line (blank, blank, 7).

25. Multiply sw. or ctr. A by B which is read from a value

o  Malieeam dho waadsad fa ad
uie proauct o O, C. Turnon both ¢y

1.

- il I-_, pe
writers. Interpose other adding and resst cycles.

OUT | IN | MISC
A 61 |7
D 7
85
B 7
c
c 7
A 761 |7
D D 7
85
871 7
G G 7
D 7
E G
8712 |C 7

(i2) If necessary, the biank Out column of the line of coding reading out the product may be used to
select a value tape from which the value is read on the next line, or for turning typewriters on

and off.

26, Multiply sw. or ctr. A by sw. or ctr. B and deliver the
product to ctr. C. Read the value irom a tape on inierpo-
lator I to ctr. D.

27. Multiply sw. or ctr. A by sw. or ctr. B and deliver the
product to ctr. C. Read D from a tape on interpolator I
and multiply it by sw. or ctr. E and deliver this product
to ctr. F. Turn off both typewriters.

ouT IN MISC.
A 761
85 7
D 7
A 761
B

Continued on next page
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ouT IN MISC.
85 C 7
8731 761
E
8732 F 7

If necessary, the codes for punching and for stepping an interpolator may be placed in the
Miscellaneous column of the lines of coding reading the MP and MC if these lines do not al-
ready contain an invert or other operational code. These codes may also be added in the line

of coding reading out the product.

28. Multiply sw. or ctr. A by the absolute value of ctr. B.
Add A to C and print C with half pick-up on typewriter I.
Step the tape on interpolator I four times and read the
value to D. Step the tape twice more. Reset ctr. C.
Deliver the product to ctr. P and punch out the quantity
in the punch ctr. Turn on typewriter II.

ouT IN MISC.
A 761 753
A C 753
C 7432 53
B 76543 (72
85 752 753
D 753
C 53
871 P 75
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Division does not require plugging to care for the decimal point,

The "Divide N minus Decimal" switch must be set to the value,
N=22-K

where K is the number of columns to the right of the decimal point, If the decimal point lies
between columns 23 and 24, division may be performed by setting the "Divide N minus Decimal"
switch to zero and shifting the quotient one column to the left via LIO counter or SIO counter.
There will, however, be no more than 22 decimal places in the result.

The first number read to the dividing unit in the first line of division coding is the divisor, DR,

Numbers may not be read into the dividing unit from the card feeds.

The read-out of a quotient may not be inverted. In order to read out a negative quotient, invert
either the divisor, DR, or the dividend, DD,

The quotient may be read out to a print counter or to the punch counter,

The degree of accuracy in division may be controlled by operational codes and plugging, See
PluggingInstructions. The accuracies available varywith the plugging from one to twenty-three
columns. For a given problem five different accuracies may be selected in this range. If only
one accuracy is needed in a given problem, no code need be used; i.e., the Miscellaneous column
is "blank", The operational codes of the accuracies are placed in the Miscellaneous column
with either DR or DD read-in or on the lines interposed betweenthem. The codes are 643, 6431,
6432, 64321 and "blank", These codes may not be used in combination with an invert or other
operational code. The degree of accuracy of division within the logarithm and exponential units
is controlled by the plugging of the "blank" code. Not more than 23 digits of any quotient, in-
cluding the first "no go" if any, can be read out of the PQ counter,

Two lines of coding, not invoiving the iniermediate counter, may be interposed between the
read-in of DR and the read-in of DD. When operations are thus interposed, a 7 is required in
the Miscellaneous column of the line containing the read-in of DR,

If only one line is interposed between DR and DD, it must not contain an automatic code (oran
in the Miscellaneous column),

if twolines of coding are interposed between DR and DD, the first must and the second may con-
tain an automatic code (or a 7 in the Miscellaneous column),

It is possible to interpose n + 1 lines of coding, not involving the multiply-divide unit, between
the read-in of DD and the read-out of the quotient, Here n is equal to the number of compari-
sons for which division is plugged., Where operations are thus interposed, a 7 is required in
the Miscellaneous column of the line containing the read-in of DD,

If only one line is interposed between DD and the read-out of the quotient, it must not containan
automatic code {(or a 7 in the Miscellaneous column),

If two or more lines are interposed between DD and the read-out of the quotient, all but the last
line must contain automatic codes (or 7's in the Miscellaneous column), The line preceding the
read-out of the quotient must not contain an automatic code.

Card feeding, reading to the punch counter or the check procedure maybe interposed in division
only when the coding is specially arranged, See Interposition of Machine Stops.
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(11) "Print and complete printing" or "punch and complete punching" should in general not be in-
terposed in division,

ouT IN MISC.
1. Divide sw. or ctr. A by sw. or ctr. B and deliver the B 76
quotient to ctr. C.
A
C 7
2. Divide minus sw. (except IVS) or ctr. A by sw. or ctr. B 76
B and deliver the quotient to ctr. C.
A 32
C 7
3. Divide sw. or ctr. A by minus sw. (except IVS) or ctr. B 76 32
B and deliver the quotient to ctr. C.
A
C 7
4. Divide the absolute value of ctr. A by sw. or ctr. B and B 76
deliver the quotient to ctr. C.
2
C 7
5. Divide sw. or ctr. A by minus IVS and deliver the 8431 76 21
quotient to ctr. C.
A
C 7
6. Divide sw. or ctr. A by sw. or ctr. B with accuracy B 76 6431
6431 and deliver the quotient to ctr. C. )
A
C 7
or B 76
A 6431
C 7
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12.

CODING

Divide minus sw. {except IVS) or ctr. A by sw. or ctr. B
with accuracy 6432 and deliver the quotient to ctr. C.

Divide sw. or ctr. A by minus sw, (except IVS) or ctr. B
with accuracy 64321 and deliver the quotient to ctr. C.

Divide sw. or ctr. A by sw. or ctr. B and read the quotient
to print ctr. I and print on typewriter I.

Divide sw. or ctr. A by sw. or ctr. B with accuracy 643 and
deliver the quotient to ctr. C. Interpose one addition be-
tween DR and DD, Turn on typewriter I.

Divide sw. or ctr. A by sw. or cir. B and deliver the
quotient to ctr. C. Interpose one subtraction between
DR and DD.

Divide sw. or cir. A by sw. or ctr. B and deliver the
quotient to ctr. C. Interpose two additions between DR
and DD.

our.| IN | wmisC
B 76 6432
A 32
C 7
B 76 32
A 64321
c 7
"6
A
7432
w2 |7
B 76 7643
D E
A
812 |c 7
76 T
E 32
c 7
76 7
E 7
G

Continued on next page
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15.

16.

DIVISION

(continued)

Divide minus sw. (except IVS) or ctr. A by sw. or ctr. B
with accuracy 6431 and deliver the quotient to ctr. C, In-
terpose an addition and a subtraction between DR and DD.

Divide the absolute value of ctr. A by sw. or ctr. B and
deliver the quotient to ctr. C. Read from ctr. D to print
ctr. I and print on typewriter I between DR and DD.

Divide the negative absolute value of ctr. A by minus sw.
{except IVS) or ctr. B and deliver the quotient to ctr. C.

Step and read from value tape on interpolator I to ctr. D
between DR and DD.

Divide sw. or ctr. A by sw. or ctr. B with accuracy 6432
and deliver the quotient to ctr. C. Step the value tape on
interpolator I twice between DR and DD, read from the
tape and step twice more between DD and the read-out of
the quotient.

123

ouT IN MISC.
A
C 7
B 76 76431
D E 7
F G 32
A 32
C 7
76 7
D 7432
752
A 2
C 7
B 76 732
85 753
D
A 1
C 7
B 76 76432
753
53
A 7
85 7

Continued on next page
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16. (continued)

17. Divide sw. or ctr. A by sw. or ctr. B with accuracy 64321
and deliver the quotient to ctr. C. Interpose one addition
between DD and the read-out of the quotient.

18. Divide sw. or ctr. A by sw. or ctr. B and deliver the
quotient to ctr. C. Reset ctr. C between DD and the read-
out of the quotient.

19. Divide sw. or ctr. A by sw. or ctr. B and deliver the
quotient to ctr. C. Interpose eight adding and resetting
operations between DD and the read-out of the quotient.

oUT IN MISC
D 7
753
53
C 7
4B 76 64321
7
D E
C 7
B 76
A 7
C C
C 7
B 76
A 7
D E 7
D F 7
D G T
H H 7
I I 7
J I 7
D H T2
A H 2
C 1
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DIVISION
ouT IN MISC.
20. Divide plus or minus the quantity in ctr. A under control B 76 7643
of ctr. 70 by sw. or ctr. B, with accuracy 643, and deliver
the quotient to ctr. C. Interpose two additions between DR D E 7
and DD. Interpose a print of ctr. A under control of ctr.
70, reset of ctr. 70, addition of an absolute value to ctr. D E
70 and addition of ctr. G to ctr. 70 between DD and read-
out of quotient. A 7432
A 7432 432
752 7
732 732 7
F 732 72
G 732
c 7
21. Divide sw. or ctr. A by the absolute value of ctr. B with B 76 72
accuracy 6431 and deliver the quotient to ctr. C. Inter-
pose a print of ctr. A between DR and DD. Interpose a A 7432
read-in, read-out and reset of LIO and additions into LIO
between DD and read-out of quotient. 752
A 76431
D 765421 |7
831 E 7
763
765421 {7
G 765421
C 7

(12) If necessary, the blank In column of the line of coding reading the DD may be used to read the
DD simultaneously to a storage counter, to a print counter or to initiate printing,

our | IN | mMiIsc.

22, Divide sw. or ctr. A by sw. or ctr. B, with accuracy 6432, B 76 6432
simultaneously reading A to C and deliver the quotient to

ctr. D. Note that this may not be used to reset A. A C

Continued on next page
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22. (continued)

23.

24,

25,

or

Divide sw. or ctr. A by sw. or ctr. B and deliver the
quotient to ctr. C. Print A with half pick-up between
DR and DD. This operation may also be coded by omit-
ting the first 7 and the second A.

Divide sw. or ctr. A by sw. or ctr. B and deliver the
quotient to ctr. C. Print A. Reset ctr. C during di-

vision. The number of cycles interposed between the
read-in of DD and the read-out of the quotient is de-
pendent upon the division accuracy plugging.

Divide A, which is read from a value tape, by sw. or
ctr. B and deliver the quotient to ctr. C. Simultaneously
read A to ctr. A. Reset ctr. C between DR and DD. The
number of cycles interposed between the read-in of DD
and the read-out of the quotient is dependent upon the
division accuracy plugging.

ourt IN MISC.
D T
76
A 6432
D 7
B 76 7
A 7432
76543
A 752
C 7
B 76
A 7432
752 7
D E 7
C C 7
F E 732
G E i
A G
C 1
B 76 7
C 7
85
A 7
D D 7

Continued on next page
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DIVISION
ouT IN MISC.
25. (continued) ' E D
7
26. Divide A, which is read from a value tape, by sw. or ctr. B 76 7
B and deliver the quotient to ctr. C. The number of cycles
interposed between the read-in of DD and the read-out of D D 7
the quotient is dependent upon the division accuracy plug-
ging. 85
7
G G 7
D 7
E G
C 7
27. Divide A, which is read from a value tape, by minus ctr. B 76 732
B with accuracy 6432 and deliver the quotient to ctr. C.
The number of cycles interposed between the read-in of D D 7
DD and the read-out of the quotient is dependent upon the
division accuracy plugging. 85
76432
G G 7
E D 7
E G 7
F G
C 7

(13) 1t necessary, the blank Out column of the line of coding reading out the quotient may be used to
select a value tape from which the value is read on the next line or for turning typewriters on

and off.
ouT IN MISC.
28, Divide sw. or ctr. A by sw. or ctr. B and deliver the B 6
quotient to ctr, C. Read value from tape on interpo-
lator I to ctr. D. A

Continued on next page
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ouT IN MiSC
28. (continued) 85 C 7
D 7
29. Divide sw. or ctr. A by sw. or ctr. B and deliver the B 76
quotient to ctr. C. Read D from a tape on interpolator I
and multiply it by sw. or ctr. E, deliver this product to A
ctr. F. Turn off typewriter 1.
85 C 7
761
E
2732 F 7

(14) If necessary, the codes for punching and for stepping an interpolator may be placed in the
Miscellaneous column of the lines of coding reading the DR and DD if these lines do not al-
ready contain an invert or-other operational code, These codes may also be added in the line
of coding reading out the quotient.

ouT IN MISC.

30. Divide minus sw. (except IVS) or ctr. B by sw. or ctr. A A 76 643
with accuracy 643, deliver the quotient to ctr. C and punch
out the quantity in the punch ctr. Turn on typewriter 1. B 32

872 C 75
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CHOICE COUNTER

Counter 70

The special controls on counter 70 make it possible to reverse the algebraic sign of a quantity
if and only if some second quantity standing in counter 70 is negative (including the quantity
minus zero).

ouT IN MISC.

1. Invert the read-out of sw. (except IVS) or ctr. A to ctr. B A B 7432
if and only if the quantity standing in ctr, 70 is negative,

Counter 70 may be used to round off numbers to n places of accuracy byaddition or subtraction
of 5x10-m+1) according as the given number is positive or negative. The resulting number
may then be printed with the (n + 1)st, (n + 2)nd, ... places cut off by typewriter plugging. This
may substitute for the half pick-up discussed under Printing.

ouT IN MISC.

2. Round off the number in ctr. A to n places, where A 732 17
5x 10~ + 1) j5 ip sw. B and print on typewriter I.
B 732 7432
732 7432
752 7

For punched cards not to be fed to the machine for further computation, counter 70 may be used
to round off to n places of accuracy as in note (2). The extra places are cut off by punch plug-
ging. If the cards are to be fed to the machine for further computation, 5 x 10-(n'+ 1) must be
added in all cases, See Multiple In-Out Counter, note (6),

Any computation involving an odd function f(x) = - f(-x), may be simplified by use of counter
70. For example, if sin x is to be computed by interpolation, the functional tape need only be
punched for positive arguments, the quantity x read to counter 70 and the result of interpolation
read out of a storage counter under control of counter 70. See Interpolators.

The choice counter may be used to compute various types of discontinuous functions and funetions
with discontinuous derivatives. Suppose it is desired to compute

F(x) = fl(x), Xx=a,

F(x) = fz(x), a<x,
Calculate

g = f2 + fl

g =1p-1)

and store x - a in counter 70,
Compute 2F(x) = g1 * g9 under control of counter 70.
Thus if X<=a,x-a=-0,

F(x) = fl(x) = (gl - gz)/z .
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If x>a, x-a>0,

Fx)= fz(x) = (gl + gz)/z'

Repetition of this process will care for functions with any desired number of discontinuities,
or discontinuities of their derivatives.

Suppose
F(x) = fl(x), | X=a,
Fx) = fz(x), a<x<b,
Fx) = fs(x), b <x.
Calculate
g =f+1
ga=I-1f

and store X - a in counter 70.

Compute 2F1(x) = g1 * gy under control of counter 70.

Calculate
g3 =3+ Fy
g =13-F;

and store x - b in counter 70.
Compute 2F(x) = g + g4 under control of counter 170,

While this is the basic coding for such functions, in many cases it is possbile to shorten the
calculation depending upon the form of the functions.,
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AUTOMATIC CHECK COUNTER

Counter 72

The special controls on this counter insure that the absolute value of . a given number is less than
another given positive number or tolerance. I this condition is not satisfied, the machine is
stopped.

ouT IN MISC.
1. To check the absolute value of the quantity in ctr. A against B 74 7
the positive tolerance in sw. or ctr. B.
A 74 71
74 74 64
2. To insure that +0 =A < B, check the quantity in ctr. A B 74 7
against the positive tolerance in sw. or ctr. B.
A 74 732
74 74 64

The first line of the check coding may be separated from the other two.

The last two lines of the check coding maynot be separated. The machine stops on the line fol-
lowing a 64 code unless in the preceding cycle there is an end around carry in counter 72,

The last line of the check coding includes the reset of the check counter as well as the 64 code
for the check operation, It is possible in case of necessity to omit the reset of the check counter
and use this space for another reset or an addition. In this eventuality the check counter must
be reset before using it again,

Itis always desirable to print out the quantity being checked before it is routed through the check
counter, Thus in case of failure to check, the magnitude and type of error readily may be ob-
served, . :

If possible, all essential parts of a computation should be preserved in the machine until the
check has been made. Thus in case of machine error, the elements can be read out and manual
computation used to aid in detecting the error,

The consumption of machine time must enter into the choice of checking methods, If a final
check can be devised for an entire computation when the time is half an hour or less per run,
intervening check computations may well be omitted. If each element of out-put is independent,
each should be checked, If a run continues more than half an hour, checks should be inserted at
intermediate points,

The most commonly used methods of checking are:

(a) Inverse Operation
If y =f(x) is computed, then a check of x - x!, where x' = f‘l(y), against a preassigned
tolerance will in general give an adequate check, If y = x1/n s computed by iteration or
logarithms, n being an integer, then x - x', where x' = y! as computed by multiplication,
is a check making use of distinct machine processes.

(b) Independent Calculation
In some cases it is possible to derive two independent methods of computing f(x) which
may be checked against each other,
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Interchange of Counters .

T no brief method of check can be devised, the compuiaiion may be repeaied using diifer-
ent storage or functional counters, In checking multiplication, the multiplier and multiplicand
may be interchanged. The problem may be rerun with a different decimal point or with
certain values multiplied or divided by powers of ten, This will shift digits into different
columns of the storage and functional counters,

Identities )
In many cases functions satisfy certain identities or récursion formulae which may be used
as checks, For example, the computation of sin x and cos x may be checked by:

2

sin2x+cos x-1=0,

It should be noted, however, that this particular identity will not detect compensatingerrors,

Differences
Standard differencing techniques provide a basic method of checking, If one of the higher

i i i i 3dad NWatuwralle the
differences of 2 function conforms to a certain pattern, a check is provided, Naturally, the

T
use cf differencing techniques depends upon the amount of information avail
the function and its differences,

vailable concerning

Gross Checks
Observation of the trend of a function and rough differencing, together with graphing, will in
many cases provide gross checks.

The checking of value and funetional tapes, cards and printed data is considered in their re-
spective sections, See Design of Functional Tapes, Card Feeds, Card Punch and Printing.

If the choice counter is used in conjunction with the check procedure, it is possible to deter-
mine whether or not two given quantities having the same sign differ by not more than one

in a given significant digit.

w
.

ouT IN MISC.
If the quantities A, 10000 > A =1, and B, lying in ctrs. A 732 71
A and B, are of the same sign, the following coding will
insure that A and B differ by less than one in the fifth ST 732 732
significant digit. Ctrs. C, 70 and 72 are reset and
available for computation. SwW C 7
Switch ST = 10
SU = 90 sX c 7432
SV = 900
SW = 0,05008 sU 732 732
SX =  0.00045 :
SY = 0.0045 SY C 7432
SZ = 0.045
sV 732 732
Sz c T432
A B 732
C 74 7
B 74 71
64
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MULTIPLE IN-OUT COUNTER

This counter is equipped with multiple in-out relays as follows:

(a) From columns 1-24 of the buss into columns 1-24 of the counter in normal position, code
7321 in the In column,

(b) From columns 1-24 of the counter into columns 1-24 of the buss in normal position, code
7321 in the Out column,

(c) From columns 13-24 of the buss into columns 13-24 of the counter, code 853 in the In
column,

(d) From columns 13-24 of the counter into columns 13-24 of the buss, code 853 in the Out
column,

(e) From columns 1-12 of the buss into columns 13-24 of the counter, code 8531 in the In
column,

(f) From columns 13-24 of the counter into columns 1-12 of the buss, code 8531 in the Out
column,

Columns 13-24 of the MIO counter may be reset using the code 853 in the Out and In columns.

The effect of this counter is to double the number of storage counters in the machine, each
storage counter having a capacity of 12 columns, Essentially, only the upper half is used in
this process, since there is no special read-out of the lower 12 columns, The lower half of
MIO may not be used for adding negative numbers, since there is no carry from column 12
to column 1. All adding which involves any negative numbers must be done in the upper half
of the counter, which is supplied with a special carry from column 24 to column 13,

If both of the numbers stored in a counter by means of the MIO counter are positive, they may
be simultaneously multiplied by a third positive quantity, This process is frequently of use in
dealing with statistical data,

The special controls on counter 71 do not invalidate its use in the normal manner, when the
code 7321 is used.

ouT IN MISC.

1. Sw. A and sw. B each contain two numbers, one in cols. 1-12, |7321 7321 7
and the other in cols. 13-24, cols, 12 and 24 containing the

algebraic sign. It is required to add together the numbers A 853 7
in corresponding columns of the two switches and deliver
the two sums to ctr. C in corresponding columns., Both B 853 7
sums are to be printed in cols, 1-12 by typewriter I,
853 c 7
8531 7432
752 6

7321 7321 K

A 8531 7

Continued on next page
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ourt IN MISC.
1. (continued) B 8531 7
8531 C 7
8531 7432
752 6

The MIO counter may be used to round off numbers to be punched in cards. The number is
shifted by the LIO counter so that the columns to be punched appear in columns 13-24 of the
MIO counter. Two cases then arise depending on whether the cards are to be used in further
calculations or not.

(a) If the cards are not to be used in further calculations in the machine, but simply printed
out or used for checking purposes, a five is added or subtracted from the 12th column ac-
cording as the number is positive or negative under the control of counter 70, Columns
13-24 of the MIO counter are read to the punch counter.

ouT IN MISC.

2, The number in ctr. A is to be rounded off and punched in A 732 7
cols. 1-12 of a card. Sw. B contains a five in col. 12.

A 765421 |7

831 7321 7

B 7321 7432

853 B3

51

(b) If the cards are to be fed to the machine for use in further calculations, a five is added
in the 12th machine column, Columns 13-24 of the MIO counter are read to the punch

P o)
Counes,

ouT IN MISC.

3. The number in ctr. A is 0 be rounded off and punched in A 765421 17
cols, 1-12 of a card for further computation. Sw. B
contains a five in col. 12. 831 7321 7
B 7321 7
853 53
51

The MIC counter may be used tc produce serisl numbers for sorting punched cards. A deck
is to be punched with values of several functions; e.g,, f(x), g(x), h(x), in the order i(xP’_ )s
g ), hix ), £, g), hix), fx_ ), glx_ ), héx ), ete. The cards are later & be
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sortedaccording to the magnitude of the first four digits of f(x). There are not more than eleven
significant digits in each of the functions to be punched, The functions are sent to columns 13-
24 of the MIO counter, The first four columns of f(x) are selected by routing through the LIO
counter to columns 6-9 of the MIO counter. The serial numbers within the group are delivered
from an accumulation counter to the low order columns of the MIO counter. Columns 1-24 of

the MIO counter are then delivered to the punch counter. Thus if

f(x) = 23,137 564 76
g(x) = 0.249 301 24
h(x) = 1,856 837 96,

the three cards punched will read,

0 023 137 564 760 002 313 000 01
0 000 247 301 240 002 313 000 02
0 001 656 837 960 002 313 000 03.

4, Read g(x) from ctr. A to cols. 13-24 of MIO. Read the
first four digits of f(x) from ctr, B via LIO to cols. 6-9
of MIO. Read the serial number within the group from
ctr. C and punch the cards.

ouT IN MISC.,
A 853 7
B 765421 |7
831 7321 7
C 7321 7
7321 753
51

The MIO counter may be used to drop off digits to the left; i.e oy columns 1-12 of a number may
be retained. See also Logarithm In-Out Counter, note (4), and Sine In-Out Counter, note (4),

(a) If the number is positive, read it into the MIO counter with the columns to be dropped in

columns 13-24, Reset columns 13-24 of MIO,

5. Read the number in ctr, A to MIO. Reset cols. 13-24 of
MIO. Read result to ctr. B.

ouT IN MISC.
A 1321 7
853 853 7
7321 B 7

(b) If the sign of the number A is unknown, read it into the MIO counter with the columns to
be dropped in columns 13-24, Reset columns 13-24 of MIO, Read columns 1-12 of MIO
direct to B. Supply nines when needed with negative numbers by reading columns 13-24

of MIO to B under control of counter 70,

6. Read the number in ctr. A to MIO., Reset cols, 13-24 of
MIO. Read result to ctr. B. Supply nines when needed
with negative numbers by reading cols. 13-24 of MIO to
ctr. B under control of ctr, 70,

out IN MISC.
A 7321 7
853 853 7

Continued on next page
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OUT | IN | MISC
7321 |B 7
A 732 |7
853 |{B 7432
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LOGARITHM IN-OUT COUNTER

The logarithm in-out counter, LIO counter, may be used as a storage counter if necessary, It
requires certain special codes, and plugging. See Plugging Instructions.

ouT IN MISC.
1. Read from ctr. A into LIO. A 765421 17
2. Read from LIO into ctr. B. Plugged read-out. 831 B "
3. Reset LIO. |63

The LIO counter may not be used for addition unless all of the numbers involved are positive,
since this counter has no end around carry.

The LIO counter maybe used to shift numbers to the right or left, since it has a pluggable read-
out to the buss. If negative numbers are involved, they maynot be shifted more than ten columns
to the right on reading out, since only ten nines are available to be plugged in at the left. See
Plugging Instructions.

The LIO counter maybe used to drop off digits to the right or left, since it has a pluggable read-
out. Care must be taken to supply nines in dropping digits from negative numbers, See Plug-
ging Instructions.

If it is desired to superpose numbers, the LIO counter may be used to shift one of them, See
Plugging Instructions, A and B are two arguments with the same decimal point, Superpose B
on A to prepare for printing both arguments in one typing operation, If A = 27 and B = 32, the
combination is printed as 32000027 in one typing operation,

ouT IN MISC.

4. Shift the number in ctr. B and superpose it on the number in |B 765421 |7
ctr. A. Print on typewriter I.
831 A 7
A 7432 63
752 7

The LIO counter may be used as a "doubling" counter to build up simple multiples of a posi-
tive quantity, especially products by powers of two. These operations may be interposed in
other multiplications or in division.

ouT IN MISC.

5. x liesinctr. A. Read 8x to ctr. B. A 765421 |7

831  |7e5421 |7

Continued on next page
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oUT | IN | MISC.
5. (continued) 831 | 765421 |7

831 765421 |7

831 B 7

(7) The LIO counter reset does not involve the buss.

(8) If more than ten nines are needed for reading out negative numbers from the LIO counter they
may be supplied from a switch under control of the choice counter. If 13 nines are needed in
columns 11-23, ten of them are supplied by plugging to ten columns, say 14-23, and three are
supplied from a switch to columns 11-13,

ouT IN MISC.

§. Read x from ctr, A to cir, B, shifting 13 columns fo A 765421 17
right. Sw. P has 000 in cols. 11-13. The other columns
of sw. P (cols, 1-10 and 14-24) are set on the blank 831 B 7
position (not zero). Nines are plugged to cols, 14-23.
The algebraic sign, col. 24, is bottle-plugged as usual. B 732 7

p B 7432
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SINE IN-OUT COUNTER

The sine in-out counter, SIO counter, may be used as a storage counter if necessary, It re-
quires certain special codes and plugging. See Plugging Instructions, ‘

The SIO counter should not be used independently of the sine computation unless the "85-1 P,U."
switch is in the off position, This switch is at the left hand end of row 21 of the Multiply-Divide
relay panel. If the switch is thrown off, it should be entered in the log, since it is necessary
that the relay be in operation for a sine computation.

ouT IN MISC.

1. Read out of ctr. A into SIO. Direct read-in I, no carry; A 874 7
may not be used for doubling.

2, Read out of ctr. A into SIO. Plugged read-in II, with A 8741
carry in all columns except from col, 23 to col. 24 and
col, 24 to col. 1, Automatic Code.

If the "SIO-OUT-2 Invert Control" switch is in the on position, a nine in the 24th column will
pick up nines from the ten left hand plughubs of row 40 of the functional plugboard and will in-
vert the read-out of those columns of SIO which are plugged to the buss, If the "SIO-OUT-2
Invert Control" switch is in the off position, a nine in the 24th column will pick up nines from
the plugboard, but the read-out from the SIO will be direct.

OUT | IN | MISC.

3. ‘Read out of SIO into ctr. B. Plugged read-out II. 84 B 7

The plugged read-out I reads directly from the SIO counter, through the plug wires, into the
buss and will not pick up nines from row 40 of the plugboard.

ouT IN MISC.

4. Read out of SIO into ctr. B. Plugged read-out I, no nines. 874 B 7

The direct read-out III is completely independent of all plugging.

5. Read out of SIO into ctr. B. Direct read-out III. 8741 B i

The SIO counter reset, a Miscellaneous code, does not involve the buss and may therefore be
added to any line of coding not already containing a Miscellaneous code,

ouT IN MISC.

6. Reset SIO, : 7321
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!

he SIO counter may not be used for addition unless all of the quantities involved are positive
and plugged read-in I is used, since this counter has no carry into the 24th column and no end

around carry.

on

The SIO counter may be used to shift positive numbers to the right or left, since it has a plug-
gable read-in from the buss and two pluggable read-outs to the buss.

ouT IN MISC.
7. Shift the positive quantity standing in cols, 13, 14, 15 A 874 7
and 16 of ctr. A to cols. 3, 4, 5 and 6 of ctr. B. ,
84 B 7
or A 874 7
874 B 7
or A 8741
8741 B 7

The SIO counter may be used to drop off digits to the right or leit of quantities, since it has a
pluggable read-out which supplies nines,

ouT IN MISC.

8. The last five digits of the quantity standing in ctr. A A 874 7
contain the code numbers controlling the punched
cards. It is desired to read the function to ctr. B 874 B 7

and the_code to ctr. C.

84 C

-3

The SIO counter may be used as a "doubling" counter to build up simple multiples of a positive
quantity, especially products by powers of two, if plugged read-in II is used. These operations
may be inierposed in other multiplications or in divisions.

ouT IN MISC.

9, X liesin ctr, A. Read 4x to ctr. B. A 8741
8741 8741
8741 8741

8741 B 7
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SINE IN-OUT COUNTER

(11) The SIO may be used with the normalizing register to shift quantities from the standard po-
sition in the machine to read out of columns 20 and up. This must be done to facilitate the
printing of the argument of a function in the required columns to conform with the read-out of
the exponent computed in the normalizing register,

ouT IN MISC.

10. Ctr. A contains the argument x with decimal point in A 874 ki
the operating position between cols. 15 and 16. Shift
X so that it will be printed with decimal point between 874 7432

cols. 19 and 20, and print on typewriter 1.
752 7
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HIGH ACCURACY COMPUTATION

It is possible to carry on computations covering 46 columns and the algebraic sign.

Special controls are available on the pairs of counters (65, 64) and (69, 68) which make possible
their use as two single adding counters, Counters 65 and 69 contain the high order columns
24-46; 64 and 68, the loworder columns 1-23, All additions and subtractions of 46 column num-
bers must be perfocrmed in one of these pair of "ganged" counters,

Such numbers are stored across two switches, for example A and B. The algebraic sign is
stored in the 24th column of both switches, Columns 1-23 of the number are stored in columns
1-23 of switch B and columns 24-46 of the number in columns 1-23 of switch A,

If such numbers are to be fed to the machine from cards or a value tape, two entries are re-
quired similar to those used in storing in switches,

46 column numbers are stored across two storage counters A and B with the algebraic sign in
the 24th column of both counters, columns 1-23 of the number in columns 1-23 of counter B,
and columns 24-46 of the number in columns 1-23 of counter A,

The numbers are stored across any pair of storage counters by reading in each half separately
to the two counters, These read-ins are subject to any of the usual operational codes.

our IN MISC.

1. A quantity lies across sws. or ctrs. (A,B); read it across A C 7
ctrs. (C,D).
D 7
2. Invert the read-out of the quantity across sws. or ctrs. A C 732
(A,B) into ctrs. (C,D).
D 732
3_ Invart fhn rnor‘_n“f nf l-hn q"anﬂty across sws. or ctrs. A C 7432
(A,B) into ctrs. (C,D) under control of ctr. 70.
B D 7432
4. Read the absolute value of the quantity across ctrs. A C 72
(A,B) into cirs. (C,D).
72
5. Read minus the absolute value of the quantity across A C 1

ctrs. (A,B) into ctrs. (C,D).

[+
o
3
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HIGH ACCURACY COMPUTATION

ouT IN MISC,
6. A quantity lies across ctrs, (A,B); reset the ctrs. A A 7
' B 7
7. A quantity is stored across two cards, high order columns C 7632
in feed I and low order columns in feed II; read the quantity
into ctrs. (C,D). . D 76321
8. A quantity is stored across two cards in feed I, high order C 7632
column card preceding low order column card; read the
quantity into ctrs. (C,D). D 7632
9. A quantity is stored in two entries in a value tape on in- 85 7
terpolator I, high order columns preceding low order
columns; read the quantity into ctrs. (C,D). 85 C 753
D 753

The special carry controls of the "ganged" counters are such that column 23 of the low order
counter will carry to column 1 of the high order counter. Column 23 of the high order counter
will carry to column 24 of both of the counters. Column 24 of the high order counter has an
end around carry to column 1 of the lower order counter. The special codes operating these
carry controls are an 8 combined with the normal read-in codes of the counters in the In
columns,

The special controls on counters 64, 65, 68 and 69 do not invalidate their use as normal storage -
counters, For usual operations, read-ins, read-outs and resets, the codes 7, 71, 73 and 731 of
the respective counters apply,

ouT IN MISC.

10. Add the quantities stored across sws. or ctrs. (A,B), A 731 7
(C,D) and (E,F), deliver the sum to ctrs. (G,H). Use

"ganged® ctrs. (69,68) for addition. B 73 7

Cc 8731 7

D 873 7

E 8731 7

F 873 7

731 G 7

73 H 7
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CODING
ouT IN MISC.,
11, Subtract the quantity across sws, or ctrs. (C,D) from the A (e 7

quantity across sws. or ctrs. (A,B) and deliver the dif-
ference to ctrs. (E,F). Use "ganged" ctrs. (65,64) for B 7 7
subtraction,

C 871 732

D 87 732

71 E ki

7 F 7

In order to use counter 70 as a sign control counter either the high order columns or the low
order columns of the 46 column number may be read into counter 70, since both are prefixed
by the algebraic sign.

ouT IN MISC.

12, Read the quantity stored across sws. or ctrs. (C,D) to A 732 i
ctrs. (E,F) under control of the algebraic sign of the
number stored across ctrs. (A,B). C E 7432
D F 7432

In using the "ganged" counters in multiplication, the operating decimal point of the machine
must lie between columns 46 and 47; i.e,, between cclumns 23 and 24 of the high order counter,
Therefore, computations in most cases must be normalized,

The automatic check counter may be used in high accuracy computation if comparisons are
made with known tolerances.

(a) I the tolerance is greater than or equal to 10-23 it is necessary to check the high order
columns only,

ouT IN MISC.

13. Check the quantity across ctrs. (A,B) against a tolerance P T4 7
=10-23 in sw. P.
A 4 n
74 74 64

(b) If the tolerance is less than 10723 jt is necessary to checkthat the high order columns are
all zero and that the low order columns are less than the tolerance,
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HIGH ACCURACY COMPUTATION

our IN MISC.
14, Check the quantigy stored across ctrs. (A,B) against a P 74 7
tolerance <10-23 in sw. Q. Sw. P =10-23,

A 74 7

74 4 64

Q 74 7

B 4 m

4 4 64

To read a 46 column product out of the PQ counter special plugging is required. See Plugging
Instructions,

In general, all products involving 46 column numbers must be accumulated in one of the pairs
of "ganged" counters using the special carry controls and the special product read-out, The
error of this product is not more than 3 in the lowest order column,

The code 873 or 87 in the In column of the line of coding reading out the product reads columns
24-46 of PQ to columns 1-23 of counter 68 or 64, and the sign column of PQ to column 24 of

.counter 68 or 64 respectively.

The code 8731 or 871 in the In column of the line of coding reading out the product, followed
immediately by the line (86, 873, '7) or (86, 87, 7), reads the sign column of PQ to column 24 of
both counters 68 and 69 or 64 and 65, columns 24-46 of PQ to columns 1-23 of counter 69 or 65
and columns 1-23 of PQ to columns 1-23 of counter 68 or 64 respectively.

The special carry controls operate throughout these processes, permitting the accumulation of
the product.

Let (A, B) and (C, D) indicate two 46 column numbers stored across these pairs of counters
(high order columns in A and C),

(a) If all the numbers in a computation are known to be positive, the product (A, B) x (C, D) is
built up as follows:

Columns 1-46 of A x C to columns 1-23 of the highorder and 1-23 of the low order "ganged"
counters under the special product read-out,

Columns 24-46 of A x D to columns 1-23 of the low order "ganged" counter under the spe-
cial carry controls,

Columns 24-46 of B x C to columns 1-23 of the low order "ganged" counter under the spe-
cial carry controls,
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ouT IN MISC.
i5. Muitiply (A,B) by (C,D) and deliver the product to ctrs. A 761 {0
(69,68). All values positive. Lines where operations may
be interposed are left clear. 7's required if operations
are interposed are given as (7).
C (M
8731 7
86 873 7
A 761 (7
D (7
873 7
B 761 (7)
C (M
873 7

{b) If some of the numbers in a computation may be negative, the product (A,B) x (C,D) is built
up as follows:



16,

147
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Columns 1-46 of A x C to columns 1-23 of the high order and 1-23 of the low order "ganged"
counters under the special product read-out,

Columns 24-460f A x D to columns 1-23 of the low order "ganged" counter under the special
carry controls, according as AxC is positive or negative and plus or minus zero to columns
1-23 of the high order "ganged" counter under the special carry controls and under control
of counter 70,

Columns 24-46 of B x C to columns 1-23 of the low order "ganged" counter under the special
carry controls, according as AxC is positive or negative and plus or minus zero to columns
1-23 of the high order "ganged" counter under the special carry controls and under control
of counter 70, : :

ouT IN MISC.

Multiply (A,B) by (C,D) and deliver the product to ctrs. A 761 (7
(65,64). Sw. P contains plus zero. Factors may be positive
or negative, Lines where operations may be interposed are
left clear. 's required if operations are interposed are
given as (7). In general, no quantities should be read into
ctr. 65 before storing the algebraic sign in the choice

counter. C )
871 7
86 87 7
A 761 7

732 732 7

71 732
D i
871 7432
P 871 (7)432
87 7
B 761 )

Continued on next page
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out IN MISC.

16. (continued) C

-~
N

817 7

(18) When one of the two factors of a product is known to be less than 10'23, it is of the form (0,D).
Only one multiplication need be performed and the product maybe stored in anypair of counters

{a) 1t all numbers are known to be positive, columns 24-46 of A x D are read to columns 1-23
of counter F and counter k remains reset to zero.

(b) I some numbers may be negative, columns 24-46 of A x D are read to columns 1-23 of
counter F and plus or minus zero to counter E under control of counter 70, according as
A x D is positive or negative,

ouT IN MISC.
17. Multiply (A,B) by (0,D) and deliver the product to (E,F). A 761 (1)
Tactars are positive. Spaces where operations may be
interposed are left clear. 7's required if operations are
interposed are given as (7).
D (")
F ki
18. Multiply (A,B) by (0,D) and deliver the product to (E,F). A 761 7
Sw. P contains plus zero. Factors may be positive or
negative. Spaces where operations may be interposed 732 732 (7)
are left clear. T's required if operations are inter-
posed are given as (7). In general, no quantities should
be read into ctr, F before storing the algebraic sign in
the choice counter. D "

Continued on next page
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18. (continued)

149

ouT IN MISC,
F 7
732 7
p E 7432

(19) When one of the two factors of a product has only 23 decimal places, only two multiplications
need be performed and the factors are of the form (A,B) and (C,0).

(a) I all the numbers are known to be positive:

19.

Columns 1-46 of A x C are read to columns 1-23 of the high order and 1-23 of the low

order "ganged" counters.

Columns 24-46 of B x C are read to columns 1-23 of the low order "ganged" counter.

Multiply (A,B) by (C,0) and deliver the product to (69,68).
All values are positive. Lines where operations may be

interposed are left clear. 7's required if operations are

interposed are given as (7).

OUT | IN | MIscC.

A 761 ()

C )]
8731 |7

86 873 i

B 761 )

Continued on next page
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(b)

20.

CODING

(continued)

If some numbers may be negative:

OouT IN MISC
c (7
873 7
order and 1-23 of the low

Columns 24-46 of B x C are read to columns 1-23 of the low order "ganged" counter and
plus or minus zero to the high order "ganged" counter under control of counter 70 ac-

cording as A x C is positive or negative.

Multiply (A,B) by (C,0) and deliver the product to (69,68).
Sw, D containg plus zero, Factors may he positive or
negative. Lines where operations may be interposed are
left clear. 7's required if operations are interposed are
given as (7). In general, no quantities should be read into
ctr. 69 before storing the algebraic sign in the choice
counter,

our | IN | Misc.

A 761 7

732 732 ™

c )
8731 |7

86 873 i

B 761 7

731 732 7

P 8731 432

c )

Continued on next page
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HIGH ACCURACY COMPUTATION

ouT IN MISC.

20. (continued)

873 7

(20) Division in high accuracy computation may be performed by dividing by the high order columns
of the divisor to obtain a first approximation to the reciprocal, iterating once for the reciprocal
and multiplying. Since the operating decimal point lies between columns 23 and 24, division
should be plugged for 24 comparisons and the "Divide N minus Decimal" switch must be set at
zero. If the absolute value of the divisor is such that 1>|DR| >10"", in place of 1, 10 must
be used as the dividend in obtaining the reciprocal. Thus after division the Q-shift counter
stands at zero and the first approximation to the reciprocal is delivered as Q X 107", This
quotient is then routed through either the LIO or the SIO counter and shifted to the left.

21. Divide (A, B) by (C, D), where either or both of the quantities may be negative, 1 >|c|>o0.1,
and deliver the quotient to (65, 64). The LIO-OUT is plugged to shift one column to the left,
The SIO-OUTII is plugged to shift positive quantities one column to the left, The SIO-OUTI
is plugged to read the 23rd column of SIO to the first column of the buss,

Sw. P = 1 in the 23rd column,
Sw. Q = 5 in the 2nd column,
Sw. R = minus zero.

Sw.S = 2 in the 23rd column.
Sw. T = 1 in the 1lst column,

Counters G, H, 64, 65, 68, 69, 70, LIO and SIO are available for computation but are not
reset,

The equations used in the computation are

X, = 1/]c|
N = |(c,D)|
Xy = xo(?.. - Nxo) .

After the iteration, five is added in column 3 to obtain the best result, Errors at various
stages are as follows:

x,/10 = 1/10N * 10722
x,/10 = 1/10N % 51 x 10”45
Final result = (A,B)/10(C,D) * 512 x 10™48

An additional iteration will gain very little accuracy, the errors then being as follows:
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x,/18
2

Final result = (A,B)/10(C,D) = 32 x 1048

The quotient as delivered to (65,64)is (A,B)/10(C,D). (7)'s must be omitted if nooperations
are interposed.

ouT IN MISC.

|c| to DR C 76 72
reset ctr. G, reset SIO G 7321
reset ctr. H, reset LIO H H 63
1 in 23rd col. to DD P 7
reset ctr. 64 7 7 7
reset ctr. 65 71 71 7
reset ctr. 68 : 73 73 7
reset ctr. 69 , 731 731 7
reset ctr. 70 732 732 (7)
18 cycles free for interposed operations
1/(100|C|) to ctr. H H 7
1/(100|C|) to S1O H 874 7
1/(10 [ch to etr. G = x0/10 84 G 7
-Ic| to MC C 761 71
reset ctr. H H H (M
%y/10 to MP G n
-]c!xo/lo to (69,68) 8731 |7

86 873 7




21,

HIGH ACCURACY COMPUTATION

(continued)
-|p| to MC
-0 to (69,68)

xo/ 10 to MP

2 in 23rd col. to (69,68)

—lDle/IO to (69,68); (69,68) = (2 - Nxo)/lo
HO (2 - Nxo)/lo to MC

x0/10 to MP

x0(2 - Nxo)/100 to (65,64)

LO (2 - Nxo)/lo to lflC
C to ctr. 70

5 in 2nd col. to ctr. 64
xo/ 10 to MP

reset ctr. 68

reset ctr. 69

reset ctr. G

153

OUT | IN | MISC.
761 71
8731 | (7)
G 7
1s 8731 |(D)
873 7
731 761 )
G (7
871 7
86 87 7
73 761 7
732 7
Q 87
G 7
73 73 7
731 731 7
G G 7

Continued on next page
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21, (continued)

reset SIO

Xo(2 - Nxo)/loo to (65,64)
HO x0(2 - Nxo)/ 100 to LIO
HO x(2 - Nxo)/IO to ctr. G
LO x,(2 - Nx)/100 to SIO

CODING

1st col. SIO to ctr. G; reset LIO; G = HO x1/10

LO x0(2 - Nxe)/lo to ctr. H; H = LO x1/10

A to MC under control of ctr. 70

»,
X

(]

set cir, 64
reset ctr. 65

HO x1/10 to MP

(A,B)x, /10 to (65,64)

A to MC under control of ctr. 70

LO x1/10 to MP

(A,B)x1/10 to (65,64)
B to MC under control of ctr. 70

reset ctr. 70

4
{

OuT i fiSC
321
87 7
71 765421 |7
831 G 7
7 874 7
874 G 763
84 H | 7
A 761 7432
7 7 7
71 n
G (7
871 7
86 87 7
A 761 (7)432
H (7
87 7
B 761 7432
732 732 7

Continued on next page
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HIGH ACCURACY COMPUTATION

21. (continued) ' ouT IN MISC.
-HO (A,B)xl/ 10 to ctr. 70 71 732 32
HO x1/1° to MP G 7
+0 to (65,64) under control of ctr. 70 R 871 7432
+0 to (65,64) under control of ctr. 70 R 871 7432
1 in 1st col. to ctr. 64 T 87
(A,B)x 1/ 10 to (65,64) 87 7

If 46 column numbers are to be punched in cards, they must be punched in two cards, one con-
taining the high order columns and the algebraic sign, and the second, the low order columns

and the algebraic sign,
ouT IN MISC.
22. Punch out the number (A,B). A 753
‘ 51
1B 753
75

To print 46 column numbers, the high order columns may be printed on one typewriter and the

low order columns on the other, If the low order columns are printed with several spaces after

the decimal point, the algebraic sign and the decimal point may be cut off and the strips joined
side by side. :

ouT IN MISC.
23. Print the number (A,B). A 7432
752 6
B 74321
7521 7

If numbers have been normalized for high accuracy computation, they may usually be printed
with their decimal points in true position by suitable typewriter plugging. See Plugging In-
structions.

The following is an example of the building up of a series in high accuracy computation,

24, Determine Ax2 + Bx + C, where no information is given of any algebraic sign, store the
result in (E, F), and print it on typewriter I. A, B and C are 46 column numbers stored in
switches (Al, A,), (By, BZ) and (Cl’ Cy). Sw. P = plus zero, x is stored in ctrs, (xl, xz).

Counters E, F, 64, 65, 68, 69 and 70 are available for computation, (7)'s must be omitted
if no operations are interposed,
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24, (continued) OUT IN MisC
A1 to MC Al 761 7
reset ctr. 69 731 731 7
reset ctr. 68 73 73
x1 to MP 3 7
reset ctr. 70 732 732 7
reset ctr. 65 71 71 7
reset ctr, 64 T 7
HO Alxl to ctr. 69 8731 7
LO A x tcctr, 88 8¢ 273 7
11
A1 to MC A1 | 761 7
A4x; to ctr. 70 731 732 7
20 to (69,68) under control of ctr. 70 P 8731 432
X9 to MP Xy 7
+0 to (69,68) under control of ctr. 70 P 8731 7432
B1 to ctr. 69 B1 8731 7
B2 to ctr. 68 }32 873
Aqxg to (69,68) 873 ki
A2 to MC Az 761 (7)
x. to MP X4 {7
i i (1)
Agxq to (69,68) 873 7
. to MC 31 761 7

Continued on next page
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24, (continued) ouT IN MISC.
reset ctr, 70 732 732 ()
HO (Ax + B) to MP 731 W)
HO (Ax + B)x1 to ctr. 65 871 7
LO (Ax + B)x1 to ctr. 64 86 87 7
Xy to MC Xy 61 7
HO (Ax + B)x1 to ctr. 70 (! 732 )
LO (Ax + B) to MP . 3 7
+0 to (65,64) under control of ctr, 70 P 8m 7432
10 to (65,64) under control of ctr, 70 . P 8171 (7)432
(Ax + B)x1 to (65,64); turn on typewriter I 872 87 7
Xq to MC Xy 761 i
reset ctr. E E E i
reset ctr, F F F
HO (Ax + B) to MP 31 7
C, toctr. 65 C1 871 7
02 to ctr, 64 C2 87 )
(Ax + B)x2 to (65,64) 87 7
ctr, 65 to ctr. E 71 E 7
ctr.64 to ctr. F 7 F 7

Continued on next page
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24 (ﬂrmﬁ nued)

. CONLAIRCE,

print value in ctr. 65 on typewriter I

print value in ctr. 64 on typewriter I

ouT IN MISC.
71 7432
752 6
7 7432
752 6
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)
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)
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NORMALIZING REGISTER

Any positive quantity may be shifted so that its first significant digit stands in the 23rd machine
column, This is done within the machine by multiplying the given quantity by a one in such a
position that the first significant digit will fall in the 23rd column of the PQ counter, The prod-
uct is then read out of the first 23 columns of the PQ counter by means of the loworder product
read-out (86 in the Out column), The number of columns shifted is recorded in a counter and a
predetermined number of significant digits and a power of ten are read out, For example, if

0000 35296 73145 89740 28715
0000 00000 00000 217557 63214

stand in the machine, operating with decimal point between columns 15 and 16, they may be read
out as :

3529  1; i.e., 3529 x 10
2755  -9; i.e. 2755 x 10-9,

Thus the second quantity printed indicates the power of ten by which the first quantity is to be
multiplied. :

The number of significant digits printed and the position of the decimal point, if printed, are
determined by the typewriter plugging,

The power of ten recorded is determined by the position of the final decimal point and the oper-
ating decimal point of the machine,

A constant K is placed in a switch in columns 20 and 21, Here K = 23 - n - d, where d is
equal to the number of digits to the left of the final decimal point and the operating decimal
point of the machine lies between columns n and n + 1, :

The power of ten recorded lies in columns 20 and 21 and must be read out or printed out of
those columns, :

Negative quantities must be routed through this procedure as positive absolute values, The al-
gebraic sign is stored in counter 70 and the final read-out of the quantity must be under control
of counter 70,

The code 8321 in the In column shifts the quantity under consideration into the first 23 columns
of PQ. The code 8321 in the Out column reads the amount of the shift to the counter indicated.
These codes are not independent and must be used in conjunction with the multiplication coding
as shown below,

The special coding requires nine cycles of computation time. Counter A contains the quantity
to be treated. Counters B, C, D and E are reset and available for computation. Switch SC con-
tains the constant K, At the end of the process, counter B contains the power of ten, counter D
contains the quantity under consideration with its first significant digit in the 23rd column and
counter E contains the "one" multiplier selected by the shift circuit. Note that the line of coding
reading the normal product-out may not be used for any other operation.

ouT IN MISC,

1. The operating decimal point lies between cols, 15 and 16, A 761 i
The final decimal point is to lie between cols. 19 and 20,
Thus K = 4 is placed in col, 20 of sw.SC, The quantity in SC B 7

ctr,A is shifted and printed together with its power of ten,
Continued on next page
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ouT IN MISC.
1. (continued) A 8321
E 7
8321 C 7
This line of coding may contain any of the codes normally 7
interposed in multiplication. (A second such line may also
be interposed if it is known that the quantity to be shifted C B 32
does not equal zero.) 7
86 D 7
D 7432
752 6
B 7432
752 7

(7) It is advisable to check the multiplication involved in this process by interchanging multiplier
and multiplicand. Thus the "one" multiplier, read into storage counter E, is used as the multi-
plicand in the second multiplication, The product is again read out under the special low order

read-out.
oUT iN MISC.
2. The operating decimal point lies between cols. 15 and A 761 7
16. The final decimal point is to lie between cols. 19
and 20. The tolerance of one in the first column lies sC B 7
in sw. SB.
A 8321
E 7
8321 C 7
7
C B 32
7
86 D 7
E 761 7
74 74 Ki
SB 74

Continued on next page
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(continued)
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ouT

IN

MISC.

(7)32

86

74

71

64
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LOGARITHM UNIT

The logarithmie function delivered by the machine is logwx, Logarithms to other bases may
be obtained by multiplying by a suitable constant.

1ogaN = = logloN . logalo

logyga
In particular
logeN = 1og10N . logelo

where

log,10 = 2.302 585 092 994 045 684 017 991,

If the operating decimal point lies between columns 21 and 22, the error in this function is less
than 5 x 10-21, If the decimal point lies between columns n and n + 1, n< 21, the error is
less than 10°% + 5 x 10~41, K desired, for log x > 0, a coded half pick-up may be added and the
error reduced to 1/2(10-1 + 10-20) as shown in example 4 below,

The range of arguments covered is 10-22 to 1023 - 1,

Logarithms with negative characteristics may not be computed directly if there are ten or
fewer operating decimal places. For exception, see note (10).

The two dial switches labeled "Log N value" to the right of the sequence mechanism must be
set at ZZ - n, where the operating decimai point is between coiumns n and n+ i,

The logarithm unit requires plugging of the LIO counter to care for the decimal point. See

Dluaerine Instruestions
SLugging insirugliens,

The LIO counter may be used as a storage counter, for the addition of positive quantities, and
to shift numbers, since it has a pluggable read-out, See Logarithm In-Out Counter and Plug-
ging Instructions,

Before using the logarithm unit it should be tested on known values:
e = 2,718 281 828 459 045 235 360 287,
logme = 0.434 294 481 903 251 827 651 129,
Any operation not using the buss may be carried on during the logarithm computation time,
This requires a 7 in the Miscellaneous column of the first line of logarithm coding and no

automatic (no 7 in the Miscellaneous column) in the last line of interposed coding. This coding
is shown in example 5,

ouT IN - | MIsC.

1. x lies in sw, or ctr. A, Determine logmx and deliver it A 762
to ctr. B.

-3

831 B

763




LOGARITHM UNIT

x lies in sw. or ctr. A. Determine loglolxl ‘and deliver
it to ctr. B.

X lies in sw. or ctr. A. Determine logex and deliver it
to ctr. B. Logelo lies in sw. P.

Logx>0. x lies in sw. or ctr. A. Determine log 0% and
deliver it to ctr. B. If the operating decimal point lies
between columns n and n + 1, sw. P must contain a 5 in
the (21 - n)th column.

Print the quantities in ctrs. C and D. Punch the quantity
in ctr. E. Step the value tape on interpolator I ahead
twice. x lies in sw. or ctr. A. Determine loglox and
deliver it to ctr. B.

(repeat this line 23 times)
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our | IN | misc.
A 62 |2
831 . |B 7
763
A 762
831 |B 7
763
761
p 7
B B
B 7
[a 762
p 765421 |7
831 |B 7
763
c 7432
D 74321
E 753
A 762 |75
752|753
753
7
7521
831 |B 7
763
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(10) If negative logarithms are computed when there are ten or fewer operating decimal places,
more nines will be required for the read-out of the compiementary figure than the ten that
are available by plugging, The additional nines required may be supplied from a switch under
control of the choice counter. If the operating decimal point is between columns 8 and 9, 13
nines are needed in columns 11-23, Ten of them are supplied by plugging to ten columns, say
14-23, and three are supplied from a switch to columns 11-13,

ouT IN MISC.

6. The operating decimal point lies between cols, 8 and 9. A 762
X lies in sw. or ctr. A. Sw. P has 000 in cols. 11-13.
The other columns of sw. P (cols. 1-10 and 14-24) are 831 B 7
set on the blank position (not zero). Nines are plugged
to cols. 14-23. The algebriac sign, col. 24, is bottle- B 732 763

plugged as usual. Determine log_ x and deliver it to
ctr. B. 10 P B 7432
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EXPONENTIAL UNIT

The exponential function delivered by the machine is 10X, Exponential functions of other bases
may be obtained by multiplication, .

. 10° logyp2

In particular
ex -1 Ox logloe

where

logloe = 0.434 294 481 903 251 827 651 129.

If the operating decimal point lies between columns 21 and 22, the error in this function is less
than 5 x 10-21, If the decimal point lies between columns n and n + 1, n < 21, the error is
less than 10-D + 5 x 10-21, A half 0pick-up maybe added and the error reduced, as shown in ex-
ample 5 below, to 1/2(10-1 + 10-20),

The range of argumerits covered is - 20 to 23 - 10-" where the operating‘ decimal point lies
between columns n and n + 1.

Any operation not using the buss may be carried on during the exponential computation time,
This requires a 7 in the Miscellaneous column of the first line of exponential coding and no
automatic (no 7in the Miscellaneous column) in the last line of interposed coding. This is shown
in example 6,

The exponential unit requires plugging of the EIO counter to care for the decimal point, See
Plugging Instructions.

If an exponential is preceded by a multiplication or a division, at least one line of coding (blank,b
blank, 7) or some other operation not involving a functional unit must be inserted between the

_operations,

If an exponential is preceded by an interpolation, at least one line of coding (blank, blank, 7) or
Some other operation not involving a functional unit must be inserted between the operations,
This with the last line of interpolation coding makes two such lines intervening,

The hyperbolic functions may be obtained from the exponential functions by algebraic oper-
ations,

Before using the exponential unit in a computation, it should be tested on known values.
10loglc.e .e ,

logme = 0.434 294 481 903 251 827 651 129

e = 2.718 281 828 459 045 235 360 287

ouT IN MISC.

1. x lies in sw. or ctr. A. Compute 10X and deliver A 7621
it to ctr. B.
741
832 B

731




166

3.

4,

CODING

x lies in sw. (except IVS) or ctr. A, Compute 107
and deliver it to ctr, B.

x lies in IVS. Compute 107¥ and deliver it to ctr. B.

x lies in sw. or ctr, A. Ctr. C is available for compu-
tation. Logme lies in sw. P, Compute e® and deliver
it to ctr. B.

x lies in sw. or ctr. A. Sw. P contains a 5 in the
{21 - n)th column, where the operating decimal point
lies between columns n and n + 1, Compute 10%
and deiiver it io cir. B.

Print the quantities in ctrs. C and D. Punch the quantity
in ctr. E. Step the tape on inierpolator II back ihree
times. x lies in ctr, A. Compute 10% and deliver it to
ctr. B.

our | IN | MisC.
A 7621 |32
741
832 |B
731
8431 |7621 |21
741
832 |B
731
A 761
P
c 7
7
c w2t
741
832 |B
731
A 7621
741
P 741
832 |B
731
c 7432

Continued on next page
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7.

EXPONENTIAL UNIT

(continued)

(repeat this line 22 times)

x lies in sw. or ctr. A. Ctr. C is available for compu-
tation, Sw.P =1. Sw.Q=1/2, Sw.R = log, .e.
Compute sinh x and deliver it to ctr, B, If x &g known
to be positive, bracketed codes and lines may be omitted.
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OUT | IN | MISC.
D 74321
E 753
A 7621 |75
752 7541
7541
7
7521 | 541
741
832 B
731
761 @)
R
c 7
7
c 7621
741
832 B
731
B 6 32
P
B 7
B 61 )
(732) {(732) |(M
(a) (732) | (M)
Q (432)
B B
B 7
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8.

CODING

x lies in sw, or ctr. A. Ctr, C is available for compu-
tation. Sw.P =1, Sw.Q =1/2. Sw.R =log;qse. Com-
pute cosh x and deliver it to ctr, B.

X liesinsw.orctr. A. Sw.P =1, Sw.Q = 10g10e .
Ctrs. C and D are available for computation. Compute
tanh x and deliver it to ctr. B. If x is known to be posi-
tive, bracketed codes and lines may be omitted,

OUT | IN | MISC.
761
c 7
7
c 7621 |2
741
832 B
731
B 76
P
B 7
761
7
B B
B 7
A c 7(2)
A c 7(2)
c 761 )
(132) | (132) |(D
(a) (732) (T
Q
D 7
7
D 621
741
832 B

Continued on next page
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ouT

IN

MISC.

731

7

76

7(432)

732

32

7

Wiw|vwivw | w]|w
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SQUARE ROOTS AND OTHER ITERATIVE PROCESSES

Roots and reciprocals of roots may be found by using logarithms and exponentials. However,
if 2 good first approximation is available, the method of iteration is not only faster, but is also

Square roots may be found using logarithms and exponentials by

N172 _ 1oloE10N)/2

ouT IN MISC.
1. Nlies in ctr. A. Nl/ 2 is to be delivered to ctr. B. Ctrs. A 762
C and D are available for computation. Sw. P = 1/2,
831 c 7
763
C 761
P
D 7
7
D 762i
741
832 B
731

The Newton-Raphson method of determining the roots of an equation f(x) = 0 requires that
f'(x) £ 0 and £"(x) £ 0 between the first approximation; x_; to the root of f(x) and X, the root

H
sought, and that £(x.) + £"(x;) > 0. Then 0
f(x)
N =xn—-—§—l—-, n=0,1,2..
Rl i)

gives successive approximations to X, If successive iterations involving divisionare performed,
the accuracy of division should be successively increased, This method may after further in-
vestigation be applied in some cases when the function does not satisfy all of the above con-
ditions,

In some cases the computation may be simplified by using

f(xp)
(B) Xl'l =X - ,D=0,1,2,...

+1 ) P
f (xo)
for the successive iterations, though this does not converge as rapidly as (A).

If the method of iteration is used to obtain the positive square root of N, then

x e =1{x_ +N/x)/2,
T+ 1 i Ui 1 Ui
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In performing the successive iterations, the accuracy of division should be successively in-

creased., The error, €n+ 1 of Xa1 is given by:

e - N/2

n+1°%n+1

1/2

2
= e, /2(en + N4 and

< 2 /oy1/2
€ .1 en/2N , n=>0

(5) Since most machine computation is repeated for values of N which change by small amounts,
the root or reciprocal calculated for the preceding value of N will in general be available for
use as a first approximation when starting the next iterative process.

ouT IN MISC.

2. N liesin ctr. A, The approximation to N1/2 lies in ctr. B. |B 76
Read the next approximation to ctr, B, Sw. P =1/2,

B 7
761

7
B 7

(6) If two successive iterations are to be made in finding Nt/ 2, machine time may be saved by
using the following coding which involves two divisions, one multiplication and four additions
instead of two divisions and two multiplications. Usually it will be possible to interpose the
four adding cycles, thus reducing the time for two iterations to 81 cycles,

3. N lies in ctr. A. The approximation x, to N1/2 lies in ctr, B, Read the approximation
xg to cir, B, Sw, P =1/4, (7)'s are to%e omitted if no operations are interposed, Ctr.C
is available for computation,

ouT IN MISC.
X to MC B 761 7
reset ctr. C C C 7
X toctr. C B C
1/4 to MP P 7
xo toctr. C B C 7
X toctr. C B C 7

Continued on next page
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3. {continued) ouT IN MISC.
xoto ctr. C; C=4x0 B C 7
reset ctr. B B B
x0/4 toctr. B B 7
4x o to DR; place limitation C 76 76432
reset ctr. C C C (7)
N to DD A )

n + 1 cycles free for interposed operations where n is
the number of significant digits (including the first "no
go™") for which the Misc. 6432 code is plugged.

N/4xO toctr. B; B= x0/4 + N/4:i:0 = x1/2 B 7
xl/ 2 to ctr. C B C 7
x1/2 to ctr. C B C 7
x1/2 to ctr. C B C 7
xl/Z toctr.C; C= 2x1 B C ki
2x; to DR C 76 (7
N to DD A (N
n + 1 cycles free for interposed operations where n is

the number of significant digits (including the first "no

go") in the quotient.

N/Zx1 toctr. B; B= x1/2 + N/2x1 = X, B 7

(7) If other computations are being carried on in which operations may be interposed, the time
for three successive iterations may be reduced from three divisions and three multiplications
to three divisions, one multiplication and 13 adding cycles, which may be interposed.

(8) To find the cube root of N by iteration

2
Xe1® an/3 + N/I‘lxn and

1/3)‘

2
e . 1<en/(en+ N
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4. N lies in ctr. A, The approximation to N!/3 lies in
ctr. B, Read the next approximation to ctr, B. Ctr.C
is available for computation and sw. P =1/3. (7)'s
must be omitted if no operations are interposed.

n cycles free for interposed operations where n is the
number of significant digits (including the first "no go")
in the quotient.

(9) The cube root of N may also be found by iteration by

x + 2N

n 41 2xn3+N

173

ouT IN MISC.
B 761 7
C W)
B 7
C 7
C 76 7
C C 7
B c
A 7
B C "
c 7
C 761 7
c C 7
B B
P 7
B 7
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This invoives three muitiplications and a division but in m e
rapidiy than the method given in note (8}, so that fewer iterations need be used for the desired
accuracy, If two successive approximations x, and xp agree inthe first i significantdigits,

then x;, , 1 will be correct to 3i - 2 digits. The erro is given by:

oy
D -

+1
es (e, + 2N1/3)
€hs1 ™ 1/3 3 OouT IN MISC.
2(e, +N/7) + N
1 B 761 7
5. N lies in ctr. A. The approximation to N /3 lies in
ctr. B. Read the next approximation to ctr. B. Ctrs. C C 7
C and D are available for computation. (7)'s must be
omitted if no operations are interposed. D D
B "
o] 7
C 761 7
C C 7
A D
B "
ctr.¢ =x,® 7
C 7
Ctr,D =2xn3+N C 7
D 76 7
A C 7
cir. C =x03+2N A c
Ic 7
C C 7

Continued on next page
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5. (continued) ouT IN MISC.
D D (7
n - 1 cycles free for interposed operations where n is the num-
ber of significant digits (including the first "no go") in the
quotient.
C 7
, 3 3
Ctr.C = (x0 +2N) / (2x0 + N) C 761 )]
B 7
B B 7
C C (1)
Ctr.B =x.(x 3 +2N) / (2% 3+ N) =x B 7
0" o 0 1
The reciprocal of N may be found by iteration using
R xn(2 B an) ’
- Nel
N Nen :
In high accuracy computation, it is necessary to use this process for division.
ouT IN MISC.
6. N liesin ctr. A. The approximation to 1/N lies in ctr. B. A 761 732
Ctr. C is available for computation. Sw. P =2, (7)'s
must be omitted if no operations are interposed. The new C C 7
approximation to the reciprocal of N is to be delivered
to ctr. B. : P C
B (7)

Continued on next page
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CODING
6. (continued) ' OUT | IN | MISC.
C 7
B 761 (N
c 7
c c 7
B B
B 7

(11) In many applications of the process of iteration the choice of the function f(x) can be so made

as to conserve much machine time. This is evident in iterating for 1 /Nl/P. f(x) may be written
either as

(1) fx)=14P-N
or (2) f(x)=1-NxP .
(1) leads to

) x, ;=% L

which requires p + 2 multiplications, unless N/p is available, in which case only p + 1 multi-
plications are required.

(2) leads to N
1+ (p- 1)Nx’
(22) x —_—

n+ pN’Sl(p 1)

which requires p + 1 multiplications and a division. Obviously, the former requires less ma-
chine time than the latter and should be used for all roots of reciprocals, If (1a) is used to
obtain 1 /Nl/z, the error after each iteration is

2,.1/2
3e’N

e"l 1 == _-Il—__— .

n+ 2 2

ouT IN MISC.
7. N lies in ctr. A. The approximation to N'l/2 lies 1n ctr. B 761 7

B. Read the next approximation to ctr. B. Ctr. C is avail-
able for computation. Sw, P =1/2, Sw, Q =3. (7)'s must C C )]

be omitted if no operations are interposed.



7.

{continued)
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OUT | IN | MISC.
B (M
c 7
c 761 732
C C 7
Q C
A M
|c 7
c 761 i
C (M
B ("
C i
c 761 T
C C )]
P 7

Continued on next page
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7 PRSP LY
{conunueqa)

N/2 lies in ctr, A. The approximation to N'l/ 2 Jies
in ctr. B. Read the next approximation to ctr. B. Ctr.
C is available for computation. Sw. P =3/2. (T)'s
must be omitted if no operations are interposed. The
computation of example 7 may be modified so that the
method of example 8 may be used for each successive
iteration after the first, thereby reguiring four mul-
tiplications for the first iteration and three for each
thereafter. In this case, Sw.Q =3/2, and N/2 is com-
puted directly and retained, rather than computing each

iteration in the form

2
X, 1 =%,0/2 - x; N/2).

ouT IN MISC.
B B
B 7
B 761 7
c c )]
B (7
c 7
c 761 7
c c 7
P c
A (7)32
c 7.
c 761 7
B "
c c 7

Continued on next page
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SQUARE ROOTS AND OTHER ITERATIVE PROCESSES

8. (continued) ouT IN MISC.
B B (7
B 7

(12) The Rule 