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PREFACE

In January 1948, prior to the completion of the Mark II Calculator, the
Bureau of Ordnance of the United States Navy requested the Staff of the Compu-
tation Laboratory to undertake an investigation of automatic digital computing
machinery with particular reference to the use of electronic components. This
research culminated in the construction of the magnetic drum calculator, Mark
[11, on which work was started during the summer of 1948. The machine was
completed in March 1950, at which time it was removed to the Naval Proving
Ground, Dahlgren, Virginia. Operation on a production basis was started about
a year later.

The electronic and relay circuits used in the machine were designed by
Benjamin LaBree Moore, Way Dong Woo, Morris Rubinoff, Charles Allerton
Coolidge, Jr., Gerrit Blaauw, Marshall Kincaid, Richard Hofheimer, Charles Henry
Richards, and others. In addition, valuable contributions were made by Ambrose
Speiser and Heinz Rutishauserof the Eidgenossische Technische Hochschule,
Zurich; Gosta Neovius and Goran Kjellberg of Matematikmaskinnamndens Arbets-
grupp, Kunglig Tekniska Hogskolan, Stockholm; Burton R. Lester and Charles
Wayne of the General Electric Company; Marcel Linsman of the University of
Liége and Willy Pouliart of the Bell Manufacturing Company of Belgium. Charles
Manneback of the University of Louvain also paid several visits to the Computation
Laboratory and made numerous valuable suggestions. The electrical wiring of
the machine was carried out under the supervision of William Porter. After
preliminary testing at the Computation Laboratory, the machine was disassembled,
transported to the Naval Proving Ground, and reassembled there under the
supervision of Frederick Gaylord Miller.

The mechanical parts of the machine, including the tape read-record mecha-
nisms and the magnetic drum units, were engineered by Robert Edward Wilkins
with the assistance of Samuel Favor and Dexter Smith.

The approximation formulas used to compute the elementary functions were
devised in large part by John Allen Harr. The coding of the routines to evaluate
these formulas was carried out by Clarence Ross of the staff of the Naval Proving
Ground, Dahlgren, Virginia.

The present volume describing the Mark 111 Calculator was written largely
by Helene Valeska Thoman and Peter Fallis Strong. The chapter on the ele-
mentary functions was written by John Harr, and the chapter on problem prepa-
ration is in large measure due to Joseph Orten Gadd, Jr. Richard Hofheimer and
Marshall Kincaid rendered much valuable assistance in the preparation of other

chapters forming the book.




The illustrative figures used in this volume were drawn by Carmela Maria
Ciampa, and the photographic plates were made by Paul l)onalds?n. photographer
of Cruft Laboratory. The manuscript was prepared for publication by Jacquelin
Sanborn. The films used in making the plates from which the book was printed
were prepared by Paul Donaldson, assisted in part by Robert Joseph Burns. It
is a pleasure to acknowledge the continual coéperation of the Harvard University
Press in making possible the publication of this and other volumes of the Annals
of the Computation Laboratory.

The construction of the calculator and the preparation of this volume fulfill
the requirements of Task 2 of Contract NOrd 10449 between the Bureau of Ordnance
and Harvard University. The Staff of the Computation Laboratory wish to
express their gratitude to the Chief of the Bureau of Ordnance for the privilege
of carrying out the work and publishing this volume.

Howarp Aixex

Cambridge, Massachusetts
March 1952
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CHAPTER I
ORGANIZATION OF THE CALCULATOR

Mark III Calculator is an electronic computing machine in which
numerical quantities and coded operating instructions are stored with
the aid of magnetic pulse recording techniques. The calculator's internal
number storage system is composed of eight aluminum alloy cylinders,
Fig.1.1 and Plate I, gear-connected, and driven at approximately 6900 rpm
by a 3450 rpm wound rotor induction motor. The surfaces of the storage
drums are coated with a thin film composed of finely divided magnetic
oxides of iron suspended in a plastic lacquer, and applied to the drums
with an artist's air brush. Recording and playback pole pieces, Fig. 1.2
and Plate II, mounted on stationary brackets in close proximity to the
surfaces of the drums, not only provide a means of recording on and
reading from the magnetic medium, but assist in the selection of stored
quantities as well.

The pole pieces consist of split Mu-Metal cores, each half being
composed of twelve laminations 0.006 inch thick, cemented together and
stacked to a total thickness of approximately 0.1 inch. The cores are
wound with either one 250-turn coil or two 300-turn coils as required by
playback and recording pole pieces, respectively. The active tips of
the two halves of the core are carefully lapped and polished. The air
gap thus formed supplies the leakage field by which the presence of sharp
current pulses in the coils may be recorded as short dipoles in the
rapidly moving magnetic medium as it passes under the pole piece tips.
In order to insure a high degree of reliability in operation, only ten
pulses are recorded per inch of circumference on the surfaces of the number
storage drums, and twenty pulses per inch on the surface of the drum
reserved for the storage of operating instruetions. This higher density
in the case of instructional storage, in combination with the larger
circumference and slower speed of the instructional storage drum, causes
the pulse repetition rate to be the same for both drum systems, thus
permitting the same basic design for playback and record units.

The pole pieces are mounted in machined brass or molded plastic
housings, accordingly as magnetic shielding is or is not necessary due to
the close proximity of recording and playback units. Since the housings
are approximately 1/2 inch thick, they are mounted on stepped spiral
brackets, Plate III, having lands separated by 1/8 inch measured along
the axis of a drum. This construction permits economical use of the
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Plate I Magnetic Drum Storage Unit




4 ORGANIZATION OF THE CALCULATOR

Fig. 1.2-Fxploded view of a pole pilece.

drum surfaces, and provides 0.025 inch between recording channels to
prevent cross-talk.

The two coils of a record pole piece are wound in opposition with &
common ground connection between them. A sharp current pulse applied to
one of the coil input terminals causes a positive or negative magnetic
dipole to be recorded in the mag-

tic dium dependin on th
5 v T i :: ®  (a) BINARY DIGIT O #
directionof the current. In either

case, a dipole recorded by the other

coil will be of the opposite po- (b) BINARY DIGIT | %
larity for the same direction of
current flow. A recorded dipole,
in passing under a playback pole ¥1g. 1.3-Wave rorms or played

back asignala.
piece, will generate an electro-

motive force at the output terminal of its coil.
forms, a positive peak followed by a negative peak
negative peak followed by a positive Peak, Fig,.
represent the binary digits 0 andg : B
coils provided on a record pole piece
and the other for recording 1's,

The resulting pulse
, Fig. 1.3(a), ora
1.3(2), are taken to
respectively. Thus, of the two
» One is reserved for recording 0's,

For example, Fig. 1.4 shows a series of binar
the terminal of the playback coil,
unit. If the played back informati

¥ digits, 0101100111, (a) at
and () at the output of the playback
on is to be rerecorded, the output of
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ORGANIZATION OF THE CALCULATOR

the playback unit is delivered to a record unit, which gates or modulates
a set of standard record pulses, and delivers them to the two coils of
a record pole piece, as shown in Fig. 1.4(c).

Magnetic drum storage has the pleasing characteristic that information
once recorded remains on the drum surface indefinitely, unless deliber-
ately altered. Moreover, provided that accurately timed record pulses

i, A A
OUTPUT =N v NN

(b) PLAYBACK 0 | 0 | | 0 0 I I I
UNIT OUTPUT

"o“cou_rl n j| l'l
" s ninin

(c) RECORD
POLE PIECE
INPUT

Fig. 1.4-Typical series of wave forms.

are used, it is not necessary to erase the surface,

by demagnetizing it, in order to change a binary TABLE 1.1
digit from 0 to 1, or vice versa. This is because Docimal digita
the record current is sufficient to saturate the 2%, 4,2,1 notation
medium in either direction, with the result that oF 4  gith
the recorded dipoles either remain unchanged or

suffer a complete reversal of polarity when ? g g 8 ?
subjected to a record pulse of like or opposite 2 oT oY "W
sign, respectively. Thus it becomes possible to 2 g 2 3 3
record a succession of guantities in a given 5 s (U 1 Joa b et i
channel with complete assurance that the last g i } g ?
information delivered to the storage drums will 8 , (s ik g B 1]
be stored there independent of any previously 9 Rakiglagd

recorded quantities.
The accurately timed pulses required in the operation of the record

and playback units are themselves obtained from the storage drums, where
channels of evenly spaced dipoles have been permanently recorded.

In order to store numerical information using only the binary digits
0 and 1, a coding system has been adopted in which each decimal digit is
represented by four binary digits with the weights 2%,4,2,1, as shown
in Table 1.1. Here the asterisk (*) serves to distinguish between the
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two binary digits which are of equal weight. Table 1.1 reveals the
following desirable features:

1. Examination of the 1 component alone indicates whether a digit
is odd or even.

2. Examination of the 2% component alone indicates whether a digit
is less than 5, or 5 or greater.

3. The nine's complement of each decimal digit is obtained by
inverting the binary digits, 0 and 1.

4. Three of the four binary components have the same weights as
in the binary number system, permitting many of the simple properties
of this system to be retained.

All numbers stored in the calculator consist of seventeen decimal
digits. Of these the seventeenth is restricted to the value 0 or 9, and
represents a positive or negative algebraic sign, respectively. The
decimal point is not included with numbers in storage, since the calcu-
lator operates with a fixed decimal point. Seven decimal point locations
are available, namely, between columns 17 and 16, 16 and 15, 15 and 14,
13 and 12, 12 and 11, 10 and 9, and 1 and 0. Before starting the calcu-
lator on the solution of a problem, one of these locations is chosen by
manually presetting the decimal point controls. The choice of an operating
decimal point, however, has no effect on the storage system, but merely
alters the output connections of the multiply unit.

Since four binary digits are required to represent a decimal digit,

four parallel channels on a storage drum provide a single channel for

the storage of decimal digits. All stored quantities enter and leave

the storage drums serially. The lowest order digit, preceded by two
non-informative digits, is followed by the digits in the second, third,
+++, sixteenth columnar positions, the algebraic sign, and a third non-
informative digit, in that order. The three non-informative digits
are supplied for control purposes. Hence each stored quantity is repre-
sented by a time space of twenty pulses. For example, the numbers n and

-e are stored as follows when the operating decimal point lies between
columns 9 and 10:
|

17 16 15 14 13 12 11 10

ARGl TR Y Gt TR L |
2*88388000000011011000
o, 00000000001001010100
2 0000 050 0" 2 @8 0 s 3 101 09
e O 00Ul O-FR SIS LGN i g g dvgi g (15 090
2 01838330010101010100
o T e R R T A U S g T
2 F AR 02 0P e gy o it 1 1 pLe
V10 gt giegs e gt 0 ‘0 OF®
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With a drum diameter of eight inches and a density of ten pulses per
inch, a total of 240 binary digits can be stored around the drum in one
channel. The periphery is divided into twelve segments, called number
times, each of which contains twenty digit
or pulse times, Fig. 1.5. Ten of the REGORD PLAYBACK
segments, numbered 0-9, constitute storage

registers, as each of them is available

for the storage of one complete number.
The remaining two segments are blank, and
provide time for performing various arith-
metic and other operations. Twenty parallel
decimal channels, each containing ten
storage registers, provide the calculator
with a capacity of 200 registers for the

internal storage of intermediate results.
Any one of the calculator's 200 internal
storage registers may be designated by
specifying the channel in which it lies Fig. 1.5—Cross section of
and the time phase in which it passes under storage drum.

a pole piece. In order to simplify refer-
ences to storage registers, the channels are identified by twenty letters

of the alphabet. As previously stated, the time phase or number time
is denoted by one of the digits, 0-9. Then the storage register located,
for example, on channel z in time phase 6 may be referred to as zg.
Later it will be shown that the preparation table for instructional
tapes capitalizes on the representation described here, and greatly
simplifies the preparation of problems for introduction to the machine.

The use of separate record and playback pole pieces, indicated as
black and white arrowheads, respectively, in Fig. 1.5, increases the
speed and flexibility of the calculator by making it possible to record
in and read from a channel at the same time. Since a storage register
is accessible only at the times when it is passing under a record or a
playback pole piece, the speed of the calculator is effectively doubled
by mounting two record and two playback pole pieces on each of the binary
channels included in the group of twenty decimal channels. This ar-
rangement is indicated schematically in Fig. 1.5, where one pole piece,
connected to a four-wire bus, represents the four parallel pole pieces

PLAYBACK RECORD

required for the four binary components. Thus each storage register is
scanned by both a record and a playback pole piece during every half-
revolution of the storage drum. For a drum speed of 6900 rpm, the time




B

required for a half-revolution is 0.00435 second, or roughly four milli-
seconds, and this, the time of access to a storage register, is the
periodic time during which the machine carries out one cycle of its
operation.

Sensing circuits within the machine are provided to determine, during
every cycle, which half of the storage drum periphery is passing under
the upper pole pieces. This is because the choice between upper and
lower pole pieces on a given channel necessarily depends on the drum
phase, as well as on the half of the periphery containing the desired
register. Once the proper pole piece has been selected, it remains only
to choose one of five number times, 0,1,2,3,4, the same number times

10 ORGANIZATION OF THE CALCULATOR

being associated with diametrically opposed registers. The arrangement
shown in Fig. 1.5, of registers 6,7,8,9,5, in that order, opposite
registers 0,1,2,3,4, respectively, has been adopted in order to simplify
electronic sensing circuits.

Since numbers are played back from storage serially, the arithmetic
units of the calculator are serial in their operation. Two parallel
four-wire busses, 4 and 5, carry selected quantities from storage to an
arithmetic unit, while a third bus, ¢, returns the computed result
thereto. This bus configuration was adopted since the elementary arith-
metic operations provide one computed result from two operands. Note

NUMBER
TIME
CONTROL
NUMBERS FROM RECORD
STORAGE GHANNEL T|CA £ e UNIT
PLAYBACK
GATE j&——
£ UNIT
IREGENERATION
| CONTROL
T0
ARITHMETIC
UNITS
Fig. 1.6-Diagram oy regeneration channel. ‘:

that two operands selected from storage will

not, in general, be stored
in the same time phase. Therefore, - : :

numbers going to an arithmetic unit

as the 4 and B transfer channels,

Each of the four bi nts of
a transfer channel, Fig, nary compone

1.6, has two pole pieces so spaced that as the

e
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last digit of a number is recorded, the first recorded digit reaches
the playback pole piece, and can be gated back to the record unit. Thus,
a number once introduced to a transfer channel is rerecorded or regener-
ated around the channel. Clearly, any two quantities in storage, re-
gardless of their time phase, can with the aid of the 4 and B transfer
channels be made available to an arithmetic unit as early as the
beginning of 4 number time in any cycle.

A similar C transfer channel regenerates the output of the arithmetic
unit, in order that computed results may be returned to storage at any
desired time phase.

All of the foregoing elementary ideas are to be treated in detail in
Chapter II. However, enough has so far been said, regarding magnetic
recording techniques, to proceed with an over-all description of the
calculator.

The floor plan, Fig. 1.7, indicates the physical layout of the
machine. The magnetic drum storage unit is in the rear projection of
the caleulator. Computing and control circuits, consisting of thermi-
oni¢ vacuum tubes, electromechanical relays, and associated components,
are arranged on chassis, Plate IV, and mounted in racks, which stand
behind the front panel and on both sides of the drum unit. Near the
center of the front panel is a tape mechanism for reading coded in-
structions from magnetic tape to the drum reserved for instructional
storage, Plate V. At the right are the eight tape read-record mechanisms,
Plate VI, by means of which numbers are transferred between the internal
drum storage and external tape storage, as may be required in the solution
of a problem. At the left are the five independent printer control
panels, Plate VII, each of which operates one of the typewriters in front
of the calculator, Plate VIII. Reels of tape containing computed results
are mounted on the tape reading mechanisms, and manual adjustments are
made to determine the typography of the printed page. The power required
to operate the machine is obtained from motor generator sets, controlled
from the rear of the right wing, Plate IX. The magnetic tapes on which
both numerical data and instructions are introduced to the calculator
are prepared on two auxiliary units, the numerical tape preparation
table, Plate X, and the instructional tape preparation table, Plate XI.

The internal organization of the calculator will be described with
the aid of the diagram, Fig. 1.8. The heavy lines indicate four-wire
busses for the transmission of the four binary components of a decimal
digit. All the gates are controlled by voltages derived periodically
from the instructional storage drum. These govern the operation of the
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Plate VII Printer
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Typewriters

Plate VIII
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Plate XI Instructio
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calculator by directing the flow of numbers along the 4,5,C bus system.
The units shown in the diagram provide the following facilities:

1. Twenty channels for the storage of 200 intermediate results.
The channels, indicated in the upper right portion of the diagram, are
identified by the letters a,d,c,d,e,f,9,h,p,q,r,s,t,u,0,0,T,y,5,Y. As-
sociated with the record pole pieces on these channels are individual
record units, all fed in parallel by the C bus and supplied with record
pulses by the control circuits, according to the coded instructions. The
playback pole pieces, on the other hand, have connections to 4 and 8
selection gates, through which signals are delivered to 4 and B playback
units. These, in turn, send on the information, amplified and converted
into a rectangular envelope, to the number-time gates leading to the 4
and B transfer channels. Thus because the signals from the playback pole
pieces are gated directly, just two decimal (eight binary) playback units
are required instead of one for each pole piece.

2. One constant register channel, shown to the lef't of channel a
in the diagram. The ten numbers recorded here from a manually operated
set of switches are generally increments of the independent variable,
check tolerances, and other parameters. Registers on this channel are
also used under manual control to read starting values into the storage
registers of the calculator and to store values required in testing. As
indicated in the diagram, numbers may be recorded in this channel only
from the switches, but playback connections to both the 4 and the 5
busses are provided.

3. Pifteen constant channels, indicated in the upper left of the
diagram. These channels, numbered 1-15, store 150 permanently recorded
quantities, most of which are needed in the subroutines for the compu-

= | -1/2 x -1
tation of the functions = , % , log,, =z, 107, cos z, and tan z.

There are no record pole pieces on the constant channels since the numbers
were recorded during the construction of the calculator and should not
be altered in any way. Two playback pole pieces on each channel make
the constants available within any cycle, but connections to the 5 bus
only are provided. However, as will be seen later, this in no way
restricts the coding for the function subroutines.

The storage channels thus far described are all located on two of the
eight storage drums. Since these channels are electronically selected
for both record and playback, they are referred to as "fast" storage
channels, having registers accessible in approximately four milliseconds.

4. Pour hundred channels for tnterpolational storage, indicated
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Fig. 1.8 0ver-aiy; diagram of the calculator
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at the far right of the diagram. The channels, numbered 0-399, apre
located on six of the storage drums and comprise a bulk storage system
having connections to and from fast storage. Each of the 4000 storage
registers on these channels is identified by a four digit nusber,
0000 < r < 3999. The first three digits of the number r represent the
channzl, and the last, the number time. For example, the register in
channel k¥ at number time { is designated by the number r = 10k+1,

Since some of the 400 channels may be used to store tables of previ-
ously computed functions, selection controls are provided to facilitate
curvilinear interpolation, through the ninth order. To compensate for
the relatively slow speed of the relay channel selection circuit used
here, groups of ten or twenty quantities, on one or two storage channels,
are always transferred in one operation between this, the "slow" storage
system, and fast storage. Only one pole piece, which may be used both
for recording and playback, is provided on each slow storage channel.
The need for two pole pieces is eliminated since a transfer operation
always reads from or records into all ten registers on aselected channel.
Separate record and playback pole pieces are also unnecessary since the
transfer controls make it impossible to record into and to play back
from a slow storage channel at the same time.

5. 7Two channels, a and B, to which numbers in slow storage may be

transferred. These channels have fast storage Playback connections, but
there are no provisions for recording from the ¢ bus.

6. A control register, 5, for directing transfers either from the

or from slow storage to the o
etween slow and fast storage,
1 must be delivered, in the

y channel in fast storage to slow storage,
and B channels. To initiate a transfer b
the number, k, of a slow storage channe
sixteenth, fifteenth, and fourteenth columna
via the C bus. The algebraice sign asso
direction of the transfer, Positive for

a fast to slow transfer. The 3 register, consisting of vacuum-tube
trigger pairs, operates relays which connect pole pl(;ce' on selected
slow storage channels to record or Playback units

arithmetic unit. For example, if ag g co

mputatio roc i-
ties stored in slow storage channels e 4 RS i
’

kX, k+c, k+2c, ... are required,
© 81d of the adder. This iss®
°ds available for the manipulation

When a positive slow storage channe} number

*%, 1s delivered to the §
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register, for a slow to fast transfer, the kth and (k + 1)st channels
are chosen, with the aid of odd-even selection pyramids. Pole pieces on
the selected channels are connected to playback units. These, in turn,
deliver signals to record units on the a and P channels. When the command
to transfer is given, record pulses are supplied for two cycles to the
a and B record units, causing the twenty quantities from channels k and
k+1 to be recorded in channels a and B, respectively, in corresponding
number times.

In a fast to slow storage transfer, just ten quantities, from the y
channel, are recorded in slow storage. As indicated in the diagram,
there is provided on the y channel a third playback pole piece, which
delivers the quantities stored there, via an associated playback unit, to
the slow storage record unit. This will be connected to the pole piece
on channel %k, whenever a negative slow storage channel number, -k, has
been delivered to the 5 register. When the command for a transfer is
given, record pulses are supplied for two cycles, causing the ten quanti-
ties in y,-yg to be recorded at number times 0-9, respectively, in
channel k.

One of the chief advantages of the selection controls provided for
slow to fast transfers becomes apparent when some or all of the channels
0-399 are used for interpolational storage. Let S(x) be a function
computed and tabulated for egual increments of the independent variable,
successive tabular entries being recorded in a series of slow storage
registers, r, r+1, r+2, ... . Then f(z) ecan be reduced to a function
o(r) of the slow storage register number by a linear transformation,

r =ax + b.

The whole process of interpolation then depends on the selection of
appropriate slow storage register numbers. Since in a transfer from
slov to fast storage the quantities on two channels, k and k+1, are
always recorded in the o and B channels, it follows that ten successive
values of g(r) for r = 10k+1, 10k+i+1, ..., 10k+{+9, are always made
available in fast storage, regardless of the value of i. This insures
a sufficient number of tabular entries in fast storage to permit ninth
order interpolation after one slow-to-fast transfer operation.

For example, suppose that values of a function f(z) have been recorded

inslow storage registers 1000 S r S 1499, for x = 1.00, 1.05, ..., 25.95,

respectively. Then

r = 20z + 980.
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If a ninth order interpolation is to be performed for z = 3.66, then
r = 1053.20.

When, in addition, a central-difference formula is to be used, there are
required in fast storage five tabulated values on each side of the in-
terpolation interval, namely, those values of f(x) stored in registers
1049-1058. Hence delivery of k¥ = +104 to the ® register insures that
channels 104 and 105, containing the required values, will be connected
to playback units. Note that the value of r was diminished by 4 before
deriving k for this selection. After the transfer, the quantities from
registers 1049-1058 will be stored in registers g, Bos Bys =oes Bgs
respectively. They may be chosen for delivery to the arithmetiec unit, as
required by the interpolation formula, with the aid of sensing circuits
controlling the a and f channels. These circuits, mentioned briefly
under item 12 of this chapter, are deseribed in detail in Chapter III.

7. Three transfer channels, A, B, €, indicated in the center of
Fig. 1.8 and previously described. Numbers on these channels may be
delivered under manual control to a set of lights at the top of the main
control panel. For example, Plate XII shows the number, 0909-++0909, as
it appears to the operator. This visual transcription of quantities on
the transfer channels, in combination with the manual controls for oper-
ating the calculator, is of great assistance in testing, in checking,
and in tracing sources of error.

8. One sixteen-digit serial adder. To add two positive quantities
in the calculator, augend and addend are first selected from storage and
regenerated on the 4 and 5 transfer channels. During blank number time
of the following cycle, the numbers are added serially in digit pairs,
and the sum is recorded on the ¢ transfer channel. It should be noted
that the adder is also used for subtraction, by adding the nine's comple-
ments of negative numbers. Therefore, a sum computed during blank number
time is always delivered to the adder again, during O number time, in
order to pick up the end-around carry, if any, resulting from the use of
nine's complements.

When an augend and addend are selected from storage in cycle n, their
sum is not available until the end of 0 number time, relative to a
playbackpole piece, in cycle n+1, However, the sum may still be returned
to storage in the 0 (or any other) time phase, due to the displacement
of one number time between record and playback pole pieces. Thus the
time required for one addition, including the selection of augend and
addend, is one cycle.
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A computed result which is returned to storage during cycle n+l cannot
be played back from storage until cyecle n+2. Therefore, provisions are
made, under control of the ¢ command, for delivering a quantity from
the ¢ transfer channel directly to the 4 transfer channel, bypassing fast
storage when desired. Further arithmetic operations may then be per-
formed immediately on a computed result, insuring that n quantities may
be accumulated to form a single sum in n cycles.

9. Sign control circuits, consisting of vacuum-tube trigger pairs
associated with the 4 and 5 transfer channels. When a quantity is
recorded on the 4 (or B) transfer channel, its algebraic sign, stored
as a 0 or 9 in the seventeenth columnar position, is combined in the 4
(or B) sign storage unit with a "transfer" sign, +, -, +l [, or -I L
The transfer signs, which are part of each coded instruetion, permit
the inversion of algebraic signs and the imposition of positive and
negative absolute value signs on quantities selected from storage. As
will be seen later, the preparation table for instructional tapes auto-
matically records a subtraction as the addition of a negative number, and
inverts the B transfer sign. For example,

Le, = gl sigy

is recorded in the equivalent form,

zg + (-y3) = 4d,.

The provisions for subtraction and the addition of negative numbers
include gates, controlled by the 4 and 5 sign storage units, for the
direct and inverted transmission of quantities from the 4 and 2 transfer
channels to the adder. Thus, a positive sign causes a number to be read
directly to the adder, while for a negative sign the binary digits are
inverted, causing nine's complements to arrive at the adder,

Because of the representation chosen for the algebraic sign, the sign
of the sum is equal to the sum of the signs of the augend and addend,
plus the end-around carry. The sum sign controls gates (not indicated
in Fig. 1.8) for the direct or inverted transmission of sums coming from
the adder to the C transfer channel during 0 number time. This insures
that a negative sum will be inverted from nine's complements to the usual
form, the positive absolute magnitude followed by an algebraic sign. The
sum sign is then recorded in the seventeenth columnar position with the
sum digits on the ¢ transfer channel.

10. One multiplication unit, which computes the thirty-two digit
product of any two quantities stored in the calculator. Three cycles of

M
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machine time are required for one multiplication, including the selection
of quantities from storage. Multiplication is serial, all digits of
the multiplicand being multiplied in succession by each of the multiplier
digits. The product of each digit pair, consisting of two decimal
digits, is divided into right- and left-hand components, which are
combined, after proper delays, in two adders, the regular unit used for
addition and an identical supplementary one. The product is recorded in
storage channels having a total of seven playback pole pieces, associated
vith the seven possible decimal point locations. The manual selection
of an operating decimal point provides a relay connection to one of these
pole pieces, in order that the product may always be played back at the
operating decimal point and recorded on the C transfer channel. Since
the decimal point in a product lies between columns 2n and 2n+1 for an
operating decimal point between columns n and n+l, the digits played
back through the various pole pieces are n+l, n+2, ..., ntl6, for
n=16, 15, 14, 12, 11, 9, or 0, as dictated by the manual setting of
the decimal point.

Three of the pole pieces can also be selected electronically, by a
coded instruction, making three groups of product digits available re-
gardless of the operating decimal point. One group contains product
digits 31-16, that is, the product for an operating decimal point between
Thus it is possible to carry on subsidiary compu-
point, as is done in the computation of the

columns 16 and 15.

tations at this decimal
elementary functions, no matter where the operating decimal point may be.

The other available groups of product digits are the high- and low-
order digits, 32-17 and 16-1, respectively. Their inclusion makes it
possible to use the calculator for double-accuracy work with gquantities
of thirty-two digits. The high- and low-order digits constituting one
quantity are then recorded in two registers on the same channel. When
the low-order digits are stored at number time 0, 1, 2, 3, or 4, then
number time 5, 6, 7, 8, or 9, respectively, is reserved for the sixteen
high-order digits. A double-accuracy addition requires four cycles of
machine time, as well as special instructions, which are supplied auto-
matically by the preparation table for instructional tapes. On the other
hand, the program of instructions for a double-accuracy multiplication,
consisting of four gixteen-digit multiplications as well as several
additions and shifting operations, must be supplied by the mathematician.

In a multiplication the product is computed as a positive absolute
value. The proper algebraic sign, determined by sensing thei:iand B
sign storage units, 1is supplied in the seventeenth columnar position on

the ¢ transfer channel.

B
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11. 4 circuit for sign choice. The sign determined for a product
may also be associated with the quantity on the 7 transfer channel,
causing the sign of that quantity to be inverted when the 4 sign is
negative. This selective operation is indicated by the symbol C) on
the keyboard of the preparation table for instructional tapes, and has a
number of important uses. For example, in rounding off a quantity to n
places of accuracy, the choice circuit may be used to determine the sign
of the correction, 5 x 10~ "**1) accordingly as the guantity to be rounded
is positive or negative.

12. 4 sensing circuit called the i register, which is used in the
selection of fast storage registers and in shifting operations. Instead
of specifying a number time 0-9 for the selection of a storage register
on a given channel, the coded instructions may demand that a number time
be chosen corresponding to the value of a digit previously computed and
stored in the i register. The time phase selected by this method is
referred to as the { number time. For example, if the digit 6 has been
delivered to the i register, then z, represents the register on channel =z
at number time 6. These facilities increase the flexibility of the
coding, since the digit i is delivered over the ¢ transfer channel and

may be subjected to arithmetic operations as a computation proceeds.

The digit i must be computed in the thirteenth columnar position.
When a quantity is delivered from the C transfer channel to the { regis-
ter, vacuum-tube trigger pairs store not only the thirteenth digit but
also the algebraic sign and the 1 component, in the 2%,4,2,1 notation,
of the fourteenth digit as well. However, the selection of the { number
time depends only on the thirteenth digit, the remaining information
being used in the following applications.

After a transfer from slow to fast storage, the ¢ register may be
used in selecting values from the g and B channels. In this case,
instead of specifying the channel, a or B, and the number time, 0-9, the
coded instruction demands that from the twenty registers, “o‘B9' that
quantity be chosen which has the slow storage register number, r, previ-
ouslydelivered to the i register. The last digit of », in the thirteenth
columnar position, controls the number time selection, while the 1
component of the digit in the fourteenth columnar position indicates
whether the kth or (k¥ + 1)st channel, corresponding to a or B, respective-
ly, contains the desired quantity.

For example, suppose that after channels 104 and 105 have been
transferred to fast storage, the quantities from registers 1049-1058 are
required in succession for a ninth order interpolation. When r = 1049

el i S B
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has been delivered to the i register, the quantity on channel a at number
time 9 will be selected, the circuits previously described having already
insured that this is the quantity from slow storage register 1049. When
r is increased by 1 and delivered to the i register again, then the
quantity on channel B at number time O, previously transferred from slow
storage register 1050, is made available; and so on. Thus the whole
process of selection from slow storage may be made to rest upon the
computation of control numbers to be delivered to the 8 and i registers.
A shifting operation is accomplished through a multiplication by a
power of ten, selected under control of the sign and digits stored in the
{ register. The number of columns to be shifted, s = 0,1,...,15, must
be delivered to this register in the fourteenth and thirteenth columnar
positions. The algebraic sign of s determines the direction of the
shift, positive or negative indicating a shif't to the left or right,
respectively. Although one shift requires a series of coded instructions
using five cycles of machine time, this five-cycle subsequence of in-
structions is recorded automatically by the preparation table for
instructional tapes. For example, the order, "a; shifted by c, = bs,"
supplies all the coding necessary to shift the quantity stored in a, by
a previously computed number of columns, represented by the quantity
stored in ¢,, and to record the result in bs.
13. Normalizming circuits, to shift any gquantity stored in the
left until the first non-zero digit is in the sixteenth

A quantity to be normalized is first delivered from
t, to determine

calculator to the

columnar position.
the 8 transfer channel to an electronic counting circui
The output of the counting circuit is

he left, by means of the shift circuit

the amount of shift necessary.

then used to initiate a shift to t
already described. The six-cycle subsequence of coded dinstructions
ization 1is supplied automatically by the prepa-

required for a normal
For example, the order, "normalize

ration table for instructional tapes.
d, = ay," supplies all the instructions neces
quantity in d. and store the result in a ;. Normalization may be used

vhen @ function having a wide range of values is to be recorded on tape
lowed by a decimal fraction, together with

f shift required in the normali-
dent upon the position of the

sary to normalize the

and printed as an integer fol

an associated power of ten. The amount o

with a constant depen

d exponent.
operating decimal point, supplies the require p z
14 Meang for the computation of the elementary functions = ,
. | .. Included in the calculator for this

rded constants, an associated selective

Zation, combined

_7/ T -
2 Jog,, x, 10°, cos z, tan

purpose are 121 permanently reco
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sensing register, and a computing routine for each function. The
constants consist of such quantities as n/2, log,, ¢, and truncated power
series coefficients, selected under code control, together with first
approximations for iterative routines and similar data which may be
selected under control of the sensing register. The computing routines
for the functions have been recorded in one section of the instructional
storage drum, making it possible to evaluate a function by referring to
a group of previously recorded instructions, without repeating the
functional coding. When one of the functions is selected on the prepa-
ration table for instructional tapes, the necessary commands are supplied
to refer to the associated computing routine. For instance, to carry
out the order, "log €3 = f5," the calculator is instructed to refer to
the logarithm routine, using the quantity in €4 as argument, to record
the computed value of the logarithm in 7., and to refer back to the main
sequence of instructions.

The function z~' is included in order to eliminate the need for special
division circuits. Thus, any order using the division sign, +, on the
keyboard of the instructional tape preparation table refers the calcu-
lator to a quotient computing routine, which computes the function =z~
for the divisor, and multiplies the result by the dividend.

The functions are computed to fifteen decimal places of accuracy.
Considerable effort was expended to insure that the routines adopted be
economical as well, in regard to the number of additions and multipli-
cations required and the number of associated constants to be stored.
Chapter V describes in detail the theoretical basis of the computation
of the functions, ineluding examples of coded function routines.

15. Check circuits. Two kinds of checking facilities are provided
in the calculator. Mathematical checks on the computation may be made
by subtracting from a predetermined positive tolerance the absolute
value of a comparison quantity, such as the difference between two
independently computed values of the same function. When the resultant
check quantity is delivered via the C bus to a check-stop register, the
calculator is stopped and an indicator lamp is lighted if and only if
the sign of the check quantity is negative. Otherwise the calculator
continues in operation.

It is also possible to deliver the quantities on the 4 and 5 transfer
channels to an identity check circuit, for comparison of the signs and
digits in corresponding columnar positions. The calculator is stopped
and an indicator lamp is lighted if any two corresponding digits are
not identical. This operation is used, for example, to insure that a

M
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quantity stored in one register has been correctly transferred into a
second register,

16. £Eight tape read-record mechanisms, and associated controls
for transferring numbers between the external tape storage and internal
drum storage. Each mechanism may be used for either reading or recording,
but manual adjustments for one operation or the other must be made at
the outset of each problem. Twenty-five cycles, or approximately
0.1 second, are required to read or record one quantity on tape. During
this time the calculator may be used for any operations not concerned
with the tape read-record system. As one set of electronic equipment
serves all eight mechanisms, only one mechanism may be used at a time.

The tape used in the calculator, for the input of instructions as
vell as fof numerical input and output, is made of paper, 5/8 inch wide,
and coated with a layer of magnetic oxides. Pole pieces, having the
same laminated construction as those used with the storage drums, provide
a means of reading from and recording on the tape as it moves past the
pole piece tips. The gap required between the magnetic medium and the
scanning devices in drum recording can be eliminated in tape recording,
since direct contact between the pole piece tips and the tape does not
cause undue wear. Hence, it is possible to record magnetic dipoles with
a density of fifty per inch on the tape. Each of the tape-handling
units associated with the calculator is equipped with four pole pieces,
stepped lands of a block, permitting each pole
f four parallel tape channels,

wvhich are mounted on the

piece to read or record dipoles in one o
approximately 1/8 inch apart. Oof the four channels, 4,5,C,D, two,

namely ¢ and D, are reserved for series of regular timing pulses which

serve the same function as sprocket holes in perforated paper tapes,

vhile the information is recorded as binary digits O and 1 in channels 4

and B, A reel of magnetic tape may be erase
of times the limiting factor being the care with which the tape is
’
handled.
On numerical tapes,
aled with one quantity

d and reused a great number

the twenty decimal or eighty binary digits associ-
in the calculator are recorded serially, in both
the 4 and # channels. For check purposes, corresponding digits in
channels 4 and 2 are one digit out of phase. Numerical tapes may be

prepared either by the calculator, in the course of a computation, or by
ical tape preparation table. The keyboard

contains an array of switches, for the regis-
each quantity. An indicator
ed in each column; and, as a

an operator using the numer
of the table, Plate IX,
tration of the sign and sixteen digits of
lamp 1s 1ighted if a digit is not suppli
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second check, each quantity must be registered twice in the keyboard.
If the same sign and digits were indicated both times, the number is
delivered to a tape record unit and recorded in the 4 and 2 channels,
timing pulses being recorded in the ¢ and D channels at the same time.

Since reading and recording operations involve the transfer of infor-
mation from comparatively slow-moving tape to a rapidly rotating drum, or
vice versa, an intermediate storage is provided in the form of two binary
drum channels, indicated at the left of Fig. 1.8. 1In contrast to the
usual drum storage, where the 2%,4,2 1 components of each decimal digit
are recorded in four parallel channels, the eighty binary digits of one

quantity are here stored and regenerated serially on both channels, all
the 2* components, followed by all the 4, the 2, and the 1 components in
that order.

In order to read one quantity from tape into fast storage, the calcu-

|
lator first selects one of the tape read-record mechanisms previously !
adjusted for reading, to provide connections between the pole pieces in '
this mechanism and playback units. The digits played back from the 4 l
and 2 tape channels are recorded and regenerated on the intermediate |
storage channels, the 4 digits going to one channel, and the 5 digits
to the other. Four playback pole pieces on each of the intermediate
storage channels make it possible to transfer the digits originally
derived from the 4 and 5 tape channels, respectively, to the four-wire
busses leading to the 4 and 5 transfer channels. The two sets of digits
may then be compared before the quantity is used in a computation.

A quantity to be recorded on tape is delivered via the ¢ bus to both
of the intermediate storage channels, and once recorded, is regenerated.
After the transfer of the quantity has been checked, the digits from
the two channels are delivered serially to two tape record units con-
nected to pole pieces on the selected tape read-record mechanism. Timing
pulses are recorded in the C and D tape channels while the digits are
recorded in channels 4 and 2, a check being maintained between corres-
ponding 4 and B digits during recording to insure an accurate output,

17. Five printers, for presenting computed results in a form suitable
for publication. Since each printer is a separate unit, consisting of
an electric typewriter controlled from one of the panels at the left
front of the calculator, as many as five reels of tape may be printed
simultaneously. Each typewriter requires approximately 3.5 seconds to
print one sixteen digit quantity. Each printer control panel is equipped
with a tape-reading mechanism, together with plugs and switches which de-
termine the number of digits to be printed, the intercolumnar and interlinear
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spacing, and other items related to T e
the typography of the printed page.
Digits are played back from the A and Allocation of sequence digits
2 tape channels and stored in relays, Digit Weight Dse
wvhich are scanned by a rotary step
gvitech in order to supply electrical 5 1 Srsnster
impulses to solenoids under the type- & . T
writerkeys. The type bars controlled 3 ; :e:;:n::fit
by the solenoids operate contacts
vhich provide a means of comparing 2 :_. :n::;:n:igit
pach 4 digit, as it is printed, with - 4
the corresponding digit derived from 8 2%
the 5 channel. This checks not only 9 1 A number
that each digit is printed but also 10 2 time
that it is the same on both tape 11 4
channels, to insure completely reliable 12 2
results. 13 1 Operation
14 2
18, Sequencing and control 15 4
equipment , for preparing, storing, and 16 2
delivering to the calculator the coded 17 1 B transfer
instructions necessary for its oper- 18 - Pe
ation. In the caleculator each coded 19 1 ten's digit
instruction governing one cycle i £ yonenel
consists of thirty-eight binary 22 ¥ i N e
digits, indicating the storage regis- :: i e
tersto be selected and the arithmetic 24 2%
operation to be performed. The allo- o5 : IR
cation of the digits is shown in 26 2 time
Table 1.2. 1In addition to the digits 27 4
0-9, the coded instructions make use 28 2%
of the combinations in the 2%,4,2,1 29 1 ten's digit
notation which do not represent decimal 30 2 ¢ channel
digits. These combinations, listed 31 1 unit's digit
in Table 1.3, are referred to as 9% y grghapast
starred digits, the digit values being 32 :‘
assigned in accordance with the = . PSR,
veights in the four columns, and the 36 2 time
asterisk serving to distinguish them a7 4
from the standard decimal digits. 38 2+

The binary digits constituting one

. B T B
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command are stored in thirty-eight parallel channels on the instructional
storage drum. With a drum circumference of fifty inches and a density
of twenty binary digits per inch, 1000 digits may be recorded around
the periphery in one channel. Four parallel channels, Fig. 1.8, each
containing thirty-eight binary channels and thirty-eight record-or-playback
pole pieces, provide a capacity of 4000 in-

structions. The location of each instruction on TABLE 1.3
the drum may then be indicated by a four-digit
line number, 0000-3999, in which the first digit Non-decimal digits

2% 4,2,1 notation
refers to one of the four parallel channels,

while the last three specify the time phase. To 2* 4 2 1
aid in the selection of instructional storage o% 1 0 0 O
locations, for either record or playback oper- 2: 1 g (1) ‘1)
ations, serial numbers 000-999 have been perma- 5% 0. 1 %0 1
nently recorded around the drum periphery. The g: g i i (1)

numbers are played back through associated pole
pieces to indicate the last three digits of the
line number.

The instructions required for a computation are most efficiently
recorded on the drum from an input tape prepared on the instructional
tape preparation table. The keyboard of this table, Fig. 1.9, is so
arranged that instructions may be registered there as mathematical oper-
ations rather than as numerical codes.

All the orders previously mentioned TABLE 1.4
in this chapter can be registered by Allocation of line number digits
depressingkeys in the various sections
of the keyboard, in a manner which Digit Weight | Line Number
should be obvious from inspection of 39 1 thousand's
Fig. 1.9. . 2 digit
The preparation table automatically 41 1 hundred's

records on the tape the one or more :z : aigit
coded commands needed in the calculator a4 e
to carry out each order registered in

45 1 ten's digit
the keyboard. The keys at the upper 46
left provide for recording the line 47 4
numbers, 0000-3999, to indicate where 48 2+
each instruction is to be stored on the 49 1 unit's
drum. In all, sixty-four binary digits 50 2 digit
are associated with each command on the 51 4
tape: twelve blankdigits, thirty-eight s >

_%
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for the coded command, and fourteen allocated as shown in Table 1.4, for
the line number. This information is not recorded in duplicate but
divided between the A4 and 7 channels previously described for numerical
tapes, timing pulses being recorded in the ¢ and D channels at the same
time. A tape prepared on the instructional tape preparation table may be
played back there, one command and line number at a time, and checked
by registering each order again in the keyboard. Commands and line
numbers may also be printed, during either recording or playback, by an
associated typewriter. Should an error be discovered in checking the
tape, the line number and corrected instruction may be recorded at the
end of the tape. Then in transferring the information to the instructional
storage drum, the last information recorded on the line in question will
be correct. The order of the commands on the tape is of no consequence,
provided the line numbers are properly indicated.

To transfer the coded instructions from tape to the instructional
storage drum, the information is played back from tape through the
mechanism near the center of the front panel, and stored in relays,
Fig. 1.8. The line number is delivered to a matching circuit, which
provides a relay connection to one of the four drum channels, depending
on the first digit of the line number, and compares the last three digits
with the serial numbers played back from the drum. When a match is
obtained, indicating that the time phase corresponds to the stored line
number, a cycling pulse is supplied, causing the command stored in the
code storage relays to be recorded.

In normal operation, a cycling pulse is supplied every four milli-
seconds, to read one command after another, in sequence, from the play-
back units associated with the instructional storage drum to trigger
pair storage and the control circuits. Since the cycling pulse may be
supplied at any desired time, it becomes possible to Jump from the main
sequence of commands to a subsidiary sequence, with the aid of the
matching circuit and an electronic register for line numbers.

For example, to refer to the quotient computing routine, a command
is given to call line 3000, where this routine begins. The regular
cycling pulse delivered to the playback units is stopped while the number
3000 is delivered from the control circuits to the line number register,
by connections indicated in Fig. 1.8. The number, 3000, is then supplied
to the matching circuit, and as soon as a mateh is obtained, the cycling
pulse is restored, causing the command recorded on line 3000 to be played
back and delivered to the control circuits. The calculator then performs
the sequence of commands starting with line 3000.

_@L
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Numbers may also be delivered to the line number register via the C
bus, by connections 1nd1cate& in Fig. 1.8, 1In this case the line number
must be in the sixteenth, fifteenth, fourteenth and thirteenth columnar
positions. Then instead of calling a specific line number, the calcu-
lator may be referred to the command having the line number previously
stored in the line number register. This technique may be used, for
example, to return to the main sequence of commands at the end of a
subsidiary sequence.

The commands to call either a specific line of coding or the line
having the number stored in the line number register may be made con-
ditional, depending on the algebraic sign of a control number previously
delivered via the C bus to a conditional call register. A positive sign
stored there will cause the conditional call to be successful, referring
the ealeculator to the command indicated. A negative sign, indicating
that the call will fail, refers the calculator to the next command in
the sequence.

Provision is made on the instructional tape preparation table to
introduce to the ¢ bus of the calculator a numerical quantity, 0000-3999,
inthe sixteenth, fifteenth, fourteenth and thirteenth columnar positions.
Using the switches in the lower left corner of the keyboard, Fig. 1.9, a
command may be given for an external transfer, X7, of the digits desired.
For example, the order, "X7 2316 = a,," will cause the quantity,
2316 0000 0000 0000, to be recorded in register a;,. Since the range
and columnar positions of quantities so introduced correspond to the
range and columnar positions of the control numbers used in the calcu-
lator, this command is useful for the manipulation of control numbers, as
well as for a limited input of numerical data.

To increase the ease and efficiency of operation, a variety of manual
controls and indicator lights are provided on the front panel, Plate XII.
At the right is a set of switches for the registration of a single coded
instruction, to be recorded under manual control at any specified line
on the instructional storage drum. It is also possible to deliver a
command from the front panel direetly to the control circuits, causing
the calculator to operate without reference to the instructional storage
drum. For check purposes, one command at a time may be inspected in
lights, the command being delivered either from the input tape or the
drum. A set of lights is also provided for the inspection of line numbers.

To complete the general description of the calculator, it remains only

to deseribe the start and stop controls. The line number of the in-

struction with which the operator wishes to start may be indicated in a
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register provided for this purpose on the front panel. Pushbutton
controls make it possible to start either on the specified line or, after
a stop in the course of a computation, on the next line in the sequence.
The calculator may be operated one line at a time as well as continu-
ously, starting with either a specified line or the next line in the

¥ sequence. A register is also supplied for specifying the number of the
line on which the calculator is to stop. Then, provided that a toggle
control switch has been thrown, the calculator will stop when it reaches
the specified line. The calculator may be stopped manually at any time
by depressing a pushbutton, and will stop automatically if an alarm is
sounded. One of several indicator lamps is then lighted, depending on
which of the following conditions has occurred:

1. Tolerance-check failure,

2. Identity-check failure,

3. Check failure in the tape read-record system,

4. Insufficient tape in a tape read-record mechanism,

5. Reset failure in the tape read-record system,

6. An addition which exceeds the machine capacity,

7. Low o0il pressure in the gear box, or overheated drum bearings.

Of these, the last is regarded as an emergency, and causes the main drum
drive motor, the instructional storage drum drive motor, and the power
supply which controls drum recording to be shut off, to prevent damage to
the machine.

The general description of the calculator given in this chapter,
together with the details of coding procedures, Chapter VIII, and the
typical examples, Chapter X, provides the information necessary to use «
the calculator in the solution of problems. The remaining chapters supply
the technical details required for the maintenance and improvement of the
machine.




CHAPTER II
BASIC CIRCUITS

Early in the design of the calculator, it was decided to use plug-in
components to simplify the building and maintenance of the machine. The
standard chassis provided to accomodate such components is shown in
Plates IV, XIII, and XIV. Connections between sockets, and from sockets
to filament transformers, are permanently wired on the underside of the
chassis, Plate XIII. Connections between chassis are made with cables,
Plate XV, plugged to jacks along the edges of the chassis.

Circuits consisting of resistors, condensers, inductors, and crystal
rectifiers are mounted on standard eight-pin bases, Plate XVI, which fit
the chassis sockets. An aluminum cover is spun onto each base, and
grounded by a connection to one of the base pins. To distinguish between
the seventy or more different circuits provided in such component con-
tainers, the covers are painted in different color combinations.

In addition to the component containers and thermionic vacuum tubes,
many of the electromagnetic relays used in the calculator plug into the
chassis sockets. These relays are of the small telephone type, enclosed
in metal containers with connections brought out to the pins of standard
octal-type bases. The following contact configurations are provided:
single-pole single-throw, single-pole double-throw, and double-pole
double~throw.

The remaining relays fit special sockets, flush-mounted on panels of
the machine, as shown in Plate XXV. These relays have six double-throw
contacts each, and are of two types, single coil and double coil, dis-
tinguished by red and green molded bakelite frames, respectively. They
are identical with those used in the Mark II Calculator’.

The machine contains approximately 4500 thermionic vacuum tubes, of
seven standard classifications:

1. Type 6AG7, a power output pentode, used chiefly as a cathode
follower, and also to record on magnetic tape or to operate indicator

.

lamps.
2. Type 6L6, a beam power amplifier, used to operate rotary step

switches or to record on the magnetic drums.
3. Type 6V6, a beam power amplifier, used to operate the six-

contact relays.
4. Type 403B, a miniature pentode, used as a Class A amplifier.

5. Type 6AS6, a miniature voltage amplifier pentode, in which the
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Plate XIV Racks of Chassis
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control and suppressor grids have almost equal control over the plate
current, used chiefly as a gate or as one tube of a trigger pair.

6. Type 2051, a miniature twin triode with separate cathodes, used
as a gate, an inverter, a cathode follower, a trigger pair, or to operate

telephone-type relays.
7. Type 6AL5, a miniature twin diode, used as a limiter.

Of these, the 6AS6, 2C51, and 403B are constructed with Western Electric
long-1ife cathodes.

The basic circuits of the calculator will now be described briefly.
It should be noted first, however, that with the exception of the ampli-
fiers in the playback units, the vacuum tubes are operated as on-off
devices, being either fully conducting or completely cut off. Moreover,
the values for the voltage dividers in the coupling networks were so
chosen that when a tube is cut off, the grid of the next stage will be
driven to a slightly positive voltage, the exact value being determined
by the characteristics of the tube. On the other hand, a grid voltage is
of the order of fifteen or twenty volts negative when the preceding tube 3
is condueting. Thus, so far as the functional behavior of a cirecuit is
concerned, all voltages may at any instant be deseribed as "high" or
"low." 1In succeeding chapters, the terms "high voltage" and "low
voltage" refer to voltages of the type just desecribed.

1. Miscellaneous circuits. Figure 2.1 shows typical elementary
circuits used throughout the calculator. In addition to the schematic
diagram of each circuit, a symbolic representation® is given which will
be used in the diagrams of succeeding chapters. Where necessary in
circuit descriptions, both tubes and relays may be referred to by their
socket numbers on the chassis. For example, in Fig. 2.1(c) relay 515 is
the relay in socket 15, while triode S10a is half of the twin triode
in socket 10.

2. Gate circuits. Figure 2.2 shows typical vacuum-tube gate
circuits, in which the signal to be gated may be delivered to either
input terminal, the control voltage being delivered to the other. The
wave forms accompanying each symbolic diagram show the gate output
voltage for various inputs. For example, the plate-loaded pentode
gate has a low voltage output only when both input voltages are high.
This type of gate may also be used to gate pulses of short duration,
Fig. 2.2(b). 1In this case, however, condenser coupling is used, and an
inverter is provided to obtain positive pulses at the output terminal.

A pair of mutually inverted gates is shown in Fig. 2.3. By coupling
from the screen of one pentode to the control grid of the other, the

.,
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Circuit Schematic Diagram Symbolic Diagram

(a)

(»)

(e)

(d)

(e)

(r)

Inverter.

O

N
Cathode follower. —C)—

Telephone-type

relay pick-up. Sl0a . SI5

Siz-contact RELAY COIL

—O—O—u—o

relay pick-up.

Step switch.

Indicator lamp.

Fig. 2.1-Miscellaneous circuits.
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Type of Gate

Schematic Diagram

Symboliec
Diagram

(a) Plate-loaded
pentode gate.

(b) Pulse gate.

(¢) Plate-loaded
triode gate.

(d) Cathode
Jollower gate.
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Fig. 2.2-Vacuum-tubde gate circuits.
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inverse of one input o+

voltage is obtained with- s IN 2
out the additional triode
required in the symbolic
diagram.

Crystal rectifier
gates are used for se-
lecting playback signals.
The principle underlying
the operation of these s
gates is that any diode, o
vhether a thermionic
tube or a semi-conductor,

offers small resistance

tocurrent in the forward IN | | | | IN | 0 e ouT 2
A

direction and large __l_
resistance to current IN 2 P

2
inthe reverse direction. ouT | i \i

Figure 2.4 shows a typi- ouT 2
cal current-voltage l_]
characteristic for a

germanium crystal diode. (b)
If a small a.c. voltage
is superimposed on the

d.c. biasing voltage,
the erystal offers variational resistance to the a.c.voltage, approaching

the value dv/di{ where v = (1) -is assumed to represent the d.c. charac-
teristic of the crystal. As the biasing voltage is changed, the resistance
varies from a few hundred ohms to a value of the order of several hundred
Thus the crystal may be considered as a switch, which

ouT |

bIN 2

Fig. 2.3-Mutually inverted gates.

thousand ohms.
is opened or closed by the d.c. biasing voltage.
Figure 2.5 shows two erystal rectifier gate circuits, the arrow in

the rectifier symbol indicating the direction of the low resistance path
through the erystal. When a positive gating potential of about twelve
volts is applied as indicated, the gate is open, and low-level signals
fromthe corresponding pole piece will be transmitted through the crystals
to the output bus. A negative gating potential of about two volts will
close the gate. Resistors R, and R; isolate the playback pole piece
from the gating voltage, and resistors R, prevent interaction of the
gating voltages. Each gate circuit consists of two crystals and five
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=z 120 resistors, all mounted in
2 a component container,
.
z
W gg Plate XVI.
§ 3. Trigger patrs,
o / Eccles-Jordan trigger
T 40
I~ / pairs are used in control
-4
VOLTS INVERSE e circuits andfor temporary
50 40 30 20 10
e = 2 4 storage of information.
ST SIS TRORE AN The 2C51 envelope indi-
i E cated in the center of
@
= Fig. 2.6(a) provides the
o
o W two triodes, 4 and &, of
w
& a trigger pair. At any
= given time, one triode is
Fig. 2.4Germanium crystal diode conducting and the other
characteristic. cut off. In the same

figure, triodes C and D are puller tubes, serving to trip the trigger
pair from one position to the other. For example, to make triode 4 of
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(a)
Fig. 2.5Crystal rectifier gates.

the trigger pair conduct, a positive volt.age- is applied to the grid of
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G TRANSFORMER

triode ¢, causing the plate voltage of
G triode 4 and also the grid voltage
of triode B to be lowered. Triode 3
will be cut off, while triode 4 will
conduct. Further positive pulses applied
to the grid of triode ¢ will have no
(») effeect on the circuit. A positive
pulse on the grid of triode D is required
Fig. 2.5 (continued) totrip the trigger pair to the opposite
position.
This method of control has the ad-

vantage that the tripping of the trigger pair is independent of the shape
of the triggering pulses. To obtain additional reliability, the resistors
inthe voltage dividers

have been chosen SO J: .

that the circuit is L

insensitive to random 1

noise, ripple, or small
fluctuations in the N}
power supply voltages. —
The outputs are taken ecsi 2051 $2C5!
from the grids of the —— — —

O
=y
] >
w
V=
o

!
1
)

trigger pair, and may
be coupled directly to
vacuum-tube control s
circuits. However, 'L_ i b
when the output of a ouT | ou.Tz

trigger pair is to be @)
delivered to several
grids or to the grid

$———o 0UT |
of a power tube, a

IN | o——-'@“’
cathode follower stage
IN 2 0—-@—’

is used to provide

3
ouT 2

isolation. (b)
Acombination trigger
pair and gate circuit,

Fig. 2.6-Triode trigger pair.
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Fig. 2.7, is obtainead by connecting
the cathodes, control grids, and screen IN | IN2
grids of two 6AS6 tubes to form a trigger
Pair. When a high voltage is applied T, T,
to the two suppressor grids, one output
voltage will be high and the other low,
in correspondence with the position of
the trigger pair. The Plates of the
pentodes may be coupled directly to
the plates of a 2¢51 trigger pair to o‘}'” ouT 2
advance the information stored in the
pentode trigger pair to a triode trigeer (3)
pair. Fig.
4. Rings. Two or more pentode
trigger pairs may be used to form a counting or control ring>, When the
diametrically opposite tubes shown in Fig. 2.8(a) are connected as trigger
pairs, the circuit represents g ring of ten. The connections between
the plate of each tube and the screen of the next determine the direction
in which the ring will step. The Suppressor grids of the odd- and even-

numbered tubes are connected to two distinet Pulse inputs. Normally all
the suppressors are biased to cut-off,

Half of the tubes in a ring
is one of a trigger pair, To i
conducting at the start, the

T.P

IN 3 o—

2.7-Pentode trigger pair.

will always be conducting since each tube
nsure that the Proper sequence of tubes is
ring may pe réset by means of a manual
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switeh, which removes the negative voltage supply from half of the
voltage dividers. With the assumption that tubes 7, 8, 9, 10, and 1 have
been turned on in this way, a positive pulse on input 1 will result in
plate current in tubes 7, 9, and 1. As the screens of tubes 8 and 10
are already conducting, the additional currents through the plates of
tubes 7 and 9 will not affect the circuit. The plate current in tube 1,
however, will lower the screen voltage of tube 2, thus cutting off tube 7
vand causing tube 2 to conduct. The ring has now been stepped from

INPUT INPUT
2 |

% CONDUCTING
IN RESET POSITION

(a) ()

Fig. 2.8-Ring of ten.

A second pulse on input 2 will similarly cut

Alternate pulses applied to inputs 1 and
the only requirements

position 1 to position 2.
off tube 8 and turn on tube 3.

2 will cause the ring to step once for each pulse,
being that the pulses do not occur simultaneously on both input lines,

and that each pulse raise the voltage on the suppressor grids above a
minimum threshhold for a sufficient length of time to permit the trigger

pair to trip.
In many applications jt is desirable to obtain control voltages

corresponding to one oOr more positions of the ring. This may be
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accomplished by connecting the control grids of two ring tubes to the
input terminals of a vacuum-tube gate. The gate output, determined by
the potentials on the selected control grids, Fig. 2.9, will then be a

high or low voltage for one or more stable positions of the ring., For
example, if the grids of tubes !

TUBE NO. RING POSITION and 7 are connected to the control

: 213 1 41slel7TeT5 w0 and suppressor grids of a pentode

gate, the gate will conduct for

position 1 only, while if the

e grids of tubes 6 and 7 are simi-

3 larly connected, the gate will

conduct for positions 7, 8, 9,

4 and 10, The voltage at the

control grid of any pentode in

5 the ring may be differentiated

. to obtain pulses each time the

: ring completes a cycle. The se

pulses may then be used, for

8 example, as the input to a second
ring.

9 As an example of a specific

e ring circuit used in the calcu-

& lator, Fig. 2.10 shows the ring

of twenty which supplies voltages
Fig. 2.9-¢rid voi tages asg a Junction correspondlng &8 S Swenty Siylt
of ring posttion. times in a number time. The ring

is in its reset position when

tubes 11-20 are conducting. It jg started at the beginning of each
number time when a pulse is delivered from a4 twin triode gate to the
screen grid of tube 1, making tube 1 eonduct. The ring is then stepped
once each digit time by means of Pulses occurring at the start of even
and odd digit times. The even digit-t4
suppressor grids of ring tubes, 123, *++,19, while the odd digit-time
pulses are delivered to the suppress

Or grids of ring tubes 2.4,...,18.
As tube 20 is a triode, the ring st % e )

OPs in its reget position until a
at the screen of tube 1.

starting pulse from the twin triode gate arrives,
This insures that the ring will st
turned on. Voltages from the con
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EVEN DIGIT-TIME
PULSES (TO ODD
SUPPRESSORS)

PULSES (TO EVEN

ODD DIGIT~TIME
SUPPRESSORS) 20

J.

o —
®n
—-y—————

% CONDUCTING IN > : lO
RESET POSITION o

OUTPUTS TO FIG. 2.1l
Fig. 2.10—Ring of twenty.

digit times. These are numbered -1,0,1,...,16,17,18, in order that
digit times 1-16 may be associated with the sixteen decimal digits of a

stored quantity.
The signals require

nently recorded on four drum channels.
(1) at the start of odd number times, (2) at the start

(3) at the start of odd digit times, and (4) at
The pulses occurring at the start of odd

d to step the ring are derived from pulses perma-
Pulses played back from these

channels occur,
of even number times,

the start of even digit times.
and even number times are required elsewhere in the calculator. By

delivering both sets of pulses to the twin triode gate shown, a starting

pulse is obtained at the beginning of each number time.
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9. Playback unit. The circuit for one binary playback unit is
shown in Fig. 2.12. The input to the circuit consists of information
pulses, representing either numerical data or coded instructions. Four
such circuits, constituting a decimal playback, are located on one
Chassis. To avoid oscillation and spurious pick-up in the amplifiers,
the four input tubes are in the four corners of the chassis while the
four output tubes are toward the center. Shielded wire is used for both

the input and output connections.

The signals at the input terminal of a playback unit have a repetition
rate of about 28,000 pulses per second, frequency components as high
as 150,000 cycles per second, and an amplitude range from 15 or 20 to
100 millivolts. The signals are amplified in two stages with negligible
distortion, resultine in pulses of sufficient amplitude to trip a trigeger
pair. To prevent unusually large signals from blocking the second stage
of the amplifier, a 6AL5 tube is used as a clipper between the first
and second stage in the slow storage playback units. This tube is omitted
from the fast storage playback units, as the smaller number of fast
storage pole pieces permits the amplitude range of the played back pulses
to be reduced by careful ad justments. Negative feedback is introduced in
both amplifier stages by means of unbypassed cathode resistors.

0 | i | J |

(a)ggggms _47#\/:4( \}I\V j‘%,J \} ~

VRS L g =

—

{

(c) ADVA
" PULSE (A Lecfl oo PR ohl

:
:

(d) TRIGGER
PAIR #2

|
e s L PG ETETE

Fig. 2.13—Wave Jorms .

The output of t
inverter tube, each of
trigger pair. When a gi
value, the puller tube cont
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e trigger pair will be tripped. When the signal voltage reaches 3
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sufficiently negative value, the normally conducting inverter will be
cut off, causing the voltage at the grid of the corresponding puller tube
to rise. The trigger pair will then be tripped in the opposite direction.
The wave forms in Fig. 2.13(a) and (b») show how the trigger pair is
tripped for a typical series of pulses.

An accurately timed pulse occurring shortly after the crossover point
of each entering signal is applied to the suppressor grids of the pentodes
to advance the information to a second trigger pair. To insure reliable
tripping of the second trigger pair, series resistors are used between
the plates of the puller tubes and the screen grids of the pentodes. This
makes it possible to read out of the pentode plate circuit even when
the puller tube is fully conducting. One grid of the second trigger
pair is connected to the grid of a cathode follower, which supplies a low
or high voltage output from the playback unit for a 0 or 1 pulse, re-
spectively, Fig. 2.13(d). Inasmuch as the timing of the playback output
is cetermined by regular advancing pulses, independent of the exact
timing of the entering signals, the need for eritical adjustments of
playback pole pieces is reduced.

6. Pulse playback untt. The timing signals which are required in
the record and playback units and which serve to synchronize the oper-

ations of the calculator are generated from evenly spaced pulses of like

polarity, permanently recorded in channels around the drum periphery

+300V

+70V

-
-
3
.
El
>
=
l"‘v\l‘_?
2
<

Fig. 2.14—Pulse playback circuit.

vith the aid of an index plate. These pulses are delivered to pulse
playback units for amplification and conversion to positive pulses of

short duration.
The pulse playback circuit, Fig.

fier, a cathode follower, a triode W
cireuit, a pulse inverter, and an output cathode follower. The two-stage
’

amplifier, the same as that used in the information playback unit, feeds
’

2.14, consists of a two-stage ampli-
ith a pulse generator in its plate

e
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a cathode follower, to avoid charging of the coupling condenser. A grid-
limiting resistor is used in series with the grid of the pulse generator
tube. This tube begins to conduct near the crossover point of an entering
signal and is turned on very rapidly, being fully conducting after the
amplified signal has risen only 3 or 4 volts. The tube remains fully
conducting for 6 to 8 microseconds, but the duration of the negative
output pulse is determined by the tuned L-C eircuit. A 4-microsecond

advancing pulse is obtained with an inductance of 10 millihenrys and a
capacitance of 150 micro-

S5 5N +150V microfarads, while for a
PULSE N » 6-microsecond record pulse
the values are 16 milli-

m:fv'»"— henrys and 250 micromicro-
N farads, respectively. The
resistor in parallel with

nEy e the condenser and inductor
‘"‘{J —150v 185K serves to damp the circuit,
preventing unwanted oscil-

st ;_—]_-_;_‘A ot 5 lations. The final output

47K from the cathode follower is
bt a positive square-wave
signal, the background ripple

b and noise having been elimi-

tsK; nated by biasing the cathode
il follower to -34 volts. The

250 upuf

6AG7 tube supplies the
necessary power to deliver
the pulses as required
through the machine.

e b 7. Record unit. The

b
s e circuit for one binary fast
9 storage record unit is shown
in Fig. 2.15. The input
voltage is delivered to a
ouT TO =
"n"Jcan. 'gPTcJ.t ouT pair of mutually inverted

FAST STORAGE Lo
OUTPUT SLOW STORAGE

47K

gates of the type previously

OUApIE described. A record pulse
applied to the suppressor
grids of the pentodes is
gated to one of the inverters

Fig. 2.15-Record circuit.
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in the 2C51 envelope, which in turn drives the grid of the corresponding
power tube. The duration of the record pulse is 6 microseconds, to
insure that the flux in the pole piece core reaches a maximum. A damping
resistor is provided in parallel with each recording coil, to reduce
the oscillations which occur when the power tube is suddenly cut off.
Eight binary record circuits are located on one chassis. To prevent
feedback and cross talk, the pulse input and output lines are shielded,
as are the connections between the 6L6 power tubes and the component
container from which the output is taken.

It should be noted that since the record and playback pole pieces
are in close proximity on the fast storage drum and since recording
involves a leakage flux which makes complete shielding impossible, some
record voltage will be induced in nearby playback pole pieces. However,
the relative location of record and playback pole pieces is such that
signals are played back and sensed by advancing pulses, Fig. 2.13(a)
and (¢), in the interval between record pulses, Fig. 2.13(e). Thus
interference from record pulses does not affect the playback outputs.

To reduce the number of relay contacts required in the slow storage
selection circuits, only one coil is provided on each slow storage pole
piece. While this permits playback operations to be carried out as in

the recording procedure is necessarily different. The
not by gating the same

fast storage,
polarity of the recorded pulse is determined
direction of current flow to one of two oppositely wound pole piece
coils, but by reversing the direction of the current delivered to the
The fast storage record unit just described may be adapted

single coil.
e recording by using a transformer, as indicated in

for slow storag

Fig. 2.15.
Of the cireuits required in the construction of the machine, only

the playback, pulse playback, and record units are designed for direct
connection to pole pieces. All other units, built with the basic com-
ponents described in this chapter, serve to combine voltages in accordance

vith the logical operations required in computing, selection, sequencing,

and control systems, making up the subject matter of succeeding chapters.
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CHAPTER III
STORAGE SYSTEM

The general arrangement of the
magnetic drum storage unit has
already been shown in Fig. 1.1,
The 15 hp., 3450 rpm wound rotor
induction motor is connected to
: the input shaft of the gear box,
’ which contains one driving gear
== SAZZE S and four driven gears, Fig. 3.1
2 and Plate XVII. The four output
shafts of the gear box drive the
four pairs of drums. The gear box

Jist
I

N
NN

‘s?\s\\ R
G

TR

N \'\'\_\\.i\:

w

5 serves as a speed-doubling unit
as well, providing a drum speed
of about 6900 rpm. To minimize
noise, herringbone gears and sleeve

bearings are used in the gear box.
A rotary pump coupled to the drive

A f— gear shaft supplies force-feed
- - lubrication for the meshing gear
= teeth and for the bearings. A
pressure alarm is provided which
ﬁ will turn off the power in the
event of a failure in the lubri-

cation system.

Each of the storage drums is
8% inches in diameter, 40 inches
in 1length, ana weighs about
\ 240 pounds. The drums are made
= % fromforged aluminum alloy billets,
Specially processed at the foundry
to insure homogeneous forgings.
Steel stub shafts are inserted on serew threads in the ends of each drum,
Fig. 3.2. The drum assemblies have been carefully machined, ground, and
dynamically balanced. As a result, the maximum total eccentricity on any
one drum is 0.0003 inch, and the maximum amount of unbalance, 0.2 gram.

The drums are mounted on grease-lubricated, precision ball bearings,

B

Fig. 3.1—Gear bozx.
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which are housed in cast-iron pillow bloecks, Fig. 3.2. A thermocouple

is mounted on the cap of each pillow block to turn off the power if the

N/

. -
_———————

Fig. 3.2-Ptllow block and stubd shafts.

bearings become overheated. Cast-iron pedestals are provided to hold
the bearing supports as well as the pole pPiece brackets required on each
drum. Different types of brackets are used, both circular and semi-
circular, depending on the pole piece arrangements on different channels.

_;L
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On all the pole pieces, clearance is provided around the mounting screws
to permit ad justment of the gap between the drum surface and the pole
piece tips. The leads from the pole pieces are brought out to connector
plates fastened onto each bracket.

The drum surfaces are sprayed first with a layer of bonding cement,
and then with several applications of the iron oxide mixture described
in Chapter I. They are then covered with a second layer of cement,
buffed at high speed to produce a hard surface.

The mechanical connections between drums are geared flexible couplings
vhich compensate for misalignment and restrict the torsional displacement
to 0.001 inch or less on the meshing surface of the coupling. However,
to insure accurate magnetic recording, it is necessary to record on each
drum under control of pulses derived from the same drum. For this purpose
a channel of record pulses is permanently stored on each drum in the
unit.

The drums are numbered for reference as indicated in Fig. 1.7. Drums
1,2, 3, 5, 6, and 8 contain the slow storage channels, while drum 4
contains the fast storage channels, a,b,...,2,7, and the two channels,
a and B, reserved for transfers from slow to fast storage. Drum 7 con-
tains the fifteen channels of constants, the channel associated with the
manual register on the front panel, the transfer channels, the timing
pulses, and special channels required in the arithmetic units and the

tape read-record system.

Before describing the storage system,
timing pulses permanently recorded on drum 7. When these are delivered

to pulse playback units, the played back pulses occur at the times listed
in Table 3.1, and, either directly or through ring and gate circuits,
provide timing controls for the operation of the calculator as a whole.
Basically, there are three sets of control pulses, 4,, R, and 4,, having
the same repetition rate but displaced in time as shown in Fig. 3.3.
Thus each 4, pulse defines the start of a digit time, while the 4, pulse
occurring at -1 digit time, called the -14, pulse, defines the start

of a number time.
s occurring at the start of even and odd digit times and at

s control the digit-time ring of
A ring of six, Fig. 3.4, driven by the
n and odd number times, supplies voltages
imes in a half-revolution of the

tarts in phase when the power is first
f tube 4 is pulsed only at the start

it is helpful to investigate the

The pulse
the start of even and odd number time
tventy deseribed in Chapter II.
pulses at the start of eve
lasting through each of the six number t
drum. To insure that the ring S
turned on, the suppressor grid ©
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of each blank number

TABLE 3.1 time. The outputs of
Timing Pulses on Drum 7 this ring will be pe-
LJ
Time of Pulse Use ferred to as "number.
i time voltages"; and
c
A4 iy similarly the nase,
R Record "digit-time voltages,"
will refer to the
Ay Delay for ¢ outputs of the ring
transfer channel
of twenty described
A,, even digit times in Chapter II.
Digit-time ring The purpose of the
4,, odd digit times
ring of four in Fig. 3.4
= t dicate the
14,, even number times Digit-time ring, is to indica
= an
-14,, odd number times Number-time ring arus phese as
"even" or "“odd" half-
= t-
IA,, blank number times Indication of revolution. Two oud
-14,, blank number time, drum phase puts are delivered,
"even" drum cycle one lasting from the

start of blank number

time to the start of
the following blank number time, and the other occurring one number tise

later, from the start of 0 number time to the start of the folloving

DIGIT TIMES
0 | 2 3 4 ETC

i e ;
£ ol e £ N

| S

A 2 rl_,,....._aﬂ‘—-

PULSES

Fig. 3.3-7tmi
NG 2Tar-4.., R, and 4, pulses,

0 .
number time These two Voltages ape used in tontrolling playback and

and correspond to the displacement of
ween recordg and playback pole pieces 0f
Urpose of the pulses derived in Fig. 39

o

record operations, respectively,
approximately one numbep time bet
the fast storage channelsg, The p
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67
will be seen in later descriptions of special circuits in the calculator.

To begin the discussion of the storage system, reference is made to
Table 3.2, which lists the fast storage channels, their code numbers, and
their bus connections.

The fifteen constant channels store the quantities listed in Ap-
pendix I. Although many of the constants required for the evaluation
of the elementary functions are generally selected under control of the

~1A,, BLANK
NUMBER TIM
0 00D - %
SUPPRESSORS
- EVEN
,. ~14,, BLANK
NUMBER TIME NUMBER TIME,

EVEN DRUM CYCLE

OF O ANDE # CONDUGTING IN

OF 0 anp 2 RESET POSITION
-1A,, 00D Cy
NUMBER TIME
{O1F |
FROM CONTROL GRIDS
FROM CONTROL GRIDS, RING OF SIX RING OF FOUR
: s 0 4 5 S 4 2 3 | 2 0

)

G- @) 5 -dlig

G 0 (Low) (Low)
EVEN DRUM EVEN DRUM
CYGLE (PB) CYCLE (REG)

€ ©

oWl  (HIGH) — — —— T (HIGH)  (Low)
3 . l BER
e WP WA WSS BN e e
™
Fig. 3.4—-Number-time ring.

function sensing register, any of them may be selected directly under
] Circular brackets, Plate XVIII, are used to permit
le pieces to be mounted on each

code control as well.

two diametrically opposite playback po
binary channel in the group. The numbers were recorded during the con-

struction of the calculator by temporarily connecting the playback pole
ple:::1:°8f';°:::t:"t::' powers of 10 stored on channels 16-19. These
values are arranged to facilitate selection under control of the i regis-
ter for shifting operations. Like the constants, these numbers were
recorded during the construction of the calculator. Two playback pole
pieces are mounted on each channel, but since a 1, in 2%,4,2,1 notation,

L
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A, PULSES
13 14 15 16 17
‘z’ DIGIT ‘2’ DIGIT ‘2’ DIGIT ‘z’ DIGIT ‘E’ DIGIT “a
‘ TIME TIME TIME TIME TIME
| @) @ @) @) @) O,
©) ) ) ©) ) @
=1Aks 134, 144, 15 A, 16 A, 174,
BLANK NUMBER TIME
(M4 PULSE,SEQUENGE)
18 0
DIGIT DIGIT
BLANK TIME
NUMBER TIME

ee@vP

TIME
4 NUMBER TIME
(LOW) i (Low) ¢

n o(Te Jo—
e
D, T
@ -1

|8A2, TIME

18A
21 3
BLANK NUMBER TIME 4 NUMBER TIME “ NU"EE‘R TIME
(M, PULSE, SEQUENGCE) (MULTIPLIER)
3 8
DIGIT DIGIT
TIME TIME
(%) 2
RECORD
- PULSES
©) © c
-IR, 3R 8R
BLANK NUMBER TIME

Fig, 3.5—Cycling pulses.
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Plate XVIII Constant Storage Brackel
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is 0001, a single binary channel of zeros replaces the three channels
for the 2%, 4, and 2 components usually required in decimal channels.

Registers on channels a,b,...,s,y, may be selected by code for either
record or playback operations. To mount two record and two playback
pole pieces on each binary channel, the circular brackets shown in

TABLE 3.2
Fast Storage Channels
Playback Record
Channels Codes Connections Connections
constants 01 8 bus
15
powers of 10 required | 16 8 bus
for shifts A
19
a 20 A or B bus [C bus
b 21
z 38
y 39
a 03* 4 or B bus [slow storage
B 04%
manual register 05% 4 or B bus [manual register
on front panel
tape read-record (a) | 410, ¢02%* | 4 bus C bus
channels (b) | BO2*,c02% | 2 bus C bus

Plate XIX are used. Each record pole piece is advanced 20.7 digit times
in the direction of drum rotation from the corresponding playback pole
piece. This insures that digits are returned to storage in the correct
time phase, taking into account the fact that record pulses occur ap-
proximately one-third of a digit time later than the 4, pulses used in
playback units.

On the y channel, the third playback pole piece used in fast to slow
storage transfers is ten digit times in advance of the upper playback
pole piece. In order that numbers transferred to slow storage may be

M
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Plate XIX Past Storage Bracket
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returned to fast storage
TABLE 3.3
in the same time phase, the
Numbers on Channels 16-19 record pole pieces on the a
and B channels are advanced
Channel Number Time Quantity Stored

11.7 digit times from the
16 f ig? upper playback pole pieces.
2 107 This spacing compensates
. S for the delay of one digit
: : time which occurs when
9 107 signals are recorded in
17 0 1010 slow storage and played
é 18:; back through the same pole
3 4 piece, as well as for the
5 s timing difference in record

é 16'5 and playback pulses.
8 0 Numbers are recorded
18 0 100 in the constant register
; ig:f channel using manual con-
g o trols on the front panel
- 8 of the calculator. A set
é 167 of strip switches is pro-
19 0 106 vided there for registering
1 103 a sixteen-digit quantity
2 10% and its algebraic sign.
: : When a number-time button,
é 16' 0-9, and the button labeled
"read in" are depressed, a

rotary step switch is
started, which scans the strip switch contacts, Fig. 3.6. Through the
first four step switch wipers, the binary components of each decimal
digit are delivered to the record units associated with the constant
register channel. Record pulses are gated to these units as shown in
Fig. 3.7 under control of a digit time voltage, supplied through wiper 5
on the step switch, and a number time voltage, corresponding to the
depressed number-time button. The cam timing which controls the step
switch is slow enough to insure the arrival of at least one gated record
puise on each step of the step switch.
The two tape read-record channels, used in transferring quantities to
and from magnetic tape, are described in detail in Chapter VI. Here it
will be noted that the single code, CO2%, causes the number on the C .bus

_#




STORAGE SYSTEM

73

R AR s
RRIMEAE S A T
(AR A A
BRIz T THI.
TROTEN TR T [
T [ ks il
AR - e e T
8 I Y e
il Lo b
] 6 F ST
i o

t.__@_.
vo necono unirs |4 ——O—

FOR CONSTANT

REGISTER CHANNEL | p ——(@)—=
 —0—

O 0 0O 0o 0O 0 0|0

17 16

15

DIGIT DIGIT DIGIT
TIME TIME TIME

Fig. 3.6-Strip switches and step switch for constant register channel,
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NUMBER-TIME BUTTONS

e f'] f'l f'] ’]f‘] %7 f’] fj f‘] L,

iR

o ]

Z NO. TIME
3 NO. TIME
3 NO. TIME
BLANK NO. TIME +I50V
CAM 2
DIGIT TIME |
e (FROM F1G. 3.6) P2 InIEanavas

RECORD PULSES

TO RECORD PULSE INPUTS ON \
RECORD UNITS FOR CONSTANT REGISTER CHANNEL ‘

Fig. 3.7—Record pulse gating for constant register channel.

to be recorded and regenerated on both channels. However, playback
connections are provided to the 4 bus only for one channel, and to the
8 bus only for the other.

The playback pole pieces provided on the fast storage channels are
connected to crystal gate circuits which are controlled by voltages
corresponding to the 4 and B codes. The circuits select a decimal
channel and the upper or lower pole piece on this channel, causiné
signals to be played back to preamplifiers, each consisting of a 403B
tube and a cathode follower. The signals are then delivered to the 4 or
8 playback units. Since the gating voltages last one machine cycle
starting at blank number time, the transients introduced by them will

S | o S e A, W R . &
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Fig. 3.8—-Playback gates for 2% components to B bus.

die out during blank number time before any significant information is
played back.

Figure 3.8 indicates the playback gate eircuits for the 2% components
of the fast storage channels having connections to the 5 bus. There
are similar cireuits for the 4, 2, and 1 components of these channels.
Signals from channels 01-39 are gated under control of the 5 sequence
codes for: (1) the unit's digit of the channel number; and (2) the ten's
digit of the channel number and the choice of upper or lower playback

pole piece. The output of the second group of gates is connected to
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one of two primary windings
on a transformer. A sepa-
rate circuit, leading to
the other primary winding,
is provided for the channels
having code numbers which
use the starred (non-
decimal) digits.

The erystal gate circuits
leading to.the 4 bus are
similar to those just
described. However, the
total number of gates

© o\ REGORD
NONRER P J*— puises

-
TO RECORD uNITS 10 RECORD UNITS

Fom Urpe voLt " pigces, YO UPPER POLE PiECES is smaller, since the
A constants and the powers
wunacs —of 7, Jo— ALCORD
TIME . of ten used in shifting
@ operations have connection

to the 2 bus only.
For recording numbers

into fast storage from the
Cbus, channels a,bd,...,s,y
are equipped with upper
and lower record pole
pieces. Record pulses are
gated to the associated
record units under control

"p'; C..0 ép.; c.
g ®
T0 RECORD UNITS 70 RECORD UNITS for: (1) the number time;

FOR LOWER POLE -’gc!!. FOR LOwER NL;O r;:ccs.
' (2) the ten's digit of the

CHANNELS 20 CHANNELS
channel number and the

of the ¢ sequence codes

Fig. 3.9—Fast storage record pulse gating.
choice of upper or lower

pole piece; and (3) the unit's digit of the channel number. The circuit
is indicated in Fig. 3.9. The ¢ control voltages are delayed one cycle
and one number time, relative to the 4 and B control voltages of a
sequence command. The one-cycle delay is required so that when, for
example, two numbers are selected from storage during cycle n, their sum
may be returned to storage in cycle n+l, at the same time that two new
operands are being selected. The further delay of the C control voltages
till O number time of cycle n+1 compensates for the fact that each
record pole piece on channels a,b,...,3,y, is advanced approximately

M
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Fig. 3.11-Slow storage cycling.,

one number time in the direction of drum rotation from the corresponding
playback pole piece, Fig. 1.5.

The slow storage drums are equipped with semicircular brackets,
Plate III. The lands on the brackets are staggered, permitting twenty-
four pole pieces to be mounted on each bracket to cover twenty-four
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binary channels. The slow storage channels, k = 000,...,399, are
selected for record or playback operations under control of the ® regis-
ter. On a command to read to the ® register, code C06%, the sign and
the sixteenth, fifteenth, and fourteenth digits of the quantity on the C
bus will be stored in the 5 register trigger pairs, Fig. 3.10. This is

+I100 Vv

A PYRAMID TO
ODD CHANNEL RELAYS

g" o dhe Tl eilmt Ia LA e éa B ENE!
< o~ o o o o o o o ™ . - S
= -~ — - - — - - L, 3 o o o o~
o - - [ v — . - - - - - - -
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0 | 2 3 0 \ 2 3 4 5 5 7 8 9, 1 3 5 7 9,
B 7 Y-
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Fig. 3.12—Channel relays selected by 4 pyramid.

accomplished by gating 4, pulses at 17, 16, 15 and 14 digit times of
blank number time to the pentodes serving as puller tubes for the trigger
pairs. The other inputs to the pentodes are the binary components of
the ¢ bus. For each binary 1 stored in these trigger pairs, one or more
of the telephone-type relays F1-£13 is energized. Through the £ relay
contacts, a corresponding configuration of six-contact relays, 41,...,
431,851,582, is energized. At the time that a number is stored in the 5
register, trigger pair 1 in Fig. 3.11 is tripped to pick up relay £38.
Then a series of relays, £39-£42, is energized one after the other,
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providing a time delay of about 20 milliseconds while the contacts on
the 4 and B relays are positioned.

The pyramid of 4 relay contacts makes connections to the selection
relays for two slow storage channels, k¥ and k+1, where k is the number
stored in the 5 register trigger pairs, Fig. 3.12. A connection is also
made to a record pulse channel selection relay. This is necessary in
order that record pulses for fast to slow storage transfers will be
supplied from the drum on which the recording is to be done.

POLE PIECES FOR 2% COMPONENTS, ODD CHANNELS

) 3 L) 14 L ] " 3 8 " 3 i v K z X z --»l
F%?%;:;FEQ G
S AR 1213 150502 |:.I 1: T 1% fz TE’, I
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Fig. 3.13<Slow Storage channel selection.

The B relays are energized when a negative sign, indicating a fast to
slow storage transfer, is stored in the 5 register. Through the 5 relay
contacts, channel k will be connected to the slow storage record unit,
and the inputs to the slow storage playback units will be grounded,
Fig. 3.13. When a positive sign is stored in the 5 register, indicating
a slow to fast storage transfer, the 3 relays are not energized. In this
case, channels & and k+1 will be connected to the slow storage playbacks
lendingito' the ‘ciandif rectrt units) respectively. Also shown in Fig. 3.13
are contacts on the ¢ relays, energized through the A pyramid when & 18

e ——
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NUMBER TIME

OPERATION 7

TRIGGER PAIR 4

TRIGGER PAIR 5

GATED RECORD PULSES
TRIGGER PAIR 3

TRIGGER PAIR 2

RELAYS El4-37

A RELAYS, CHANNEL RELAYS

Fig. 3.14-Timing diagram for transfer operation.

odd. These contacts insure that channel k, whether even or odd, will
always be associated with the a channel, and channel k+1 with the
channel, in transfers from slow to fast storage.

When the contact of the last relay, F£42, in the delay series has
closed, trigger pair 2, Fig. 3.11, is tripped, energizing relays £14-E37
and, through the ¥ relay contacts, the channel relays selected by the
A pyramids. The contacts of the channel relays are connected as indi-
cated in Fig. 3.13. To minimize crosstalk between channels, each relay
is shielded, shielded wire is used for all connections to the relay
contacts, and all normally closed contacts are grounded. As shown in
Fig. 3.11, the output of trigger pair 2 resets trigger pair 1, and closes
the gates leading into the & register trigger pairs. This makes it
impossible to read another number to the & register until the transfer
command has been given and trigger pair 2 has been reset.

The coding instructions stipulate that the command for a transfer
between fast and slow storage be given at least twelve cycles after a
number has been delivered to the 8 register, to be sure the relays have
been positioned. The command, operation-code 7, requires first, that
record pulses be gated for two cycles to either the a and B record units
or to the slow storage record units, and second, that the & register be
reset. The timing for these operations is indicated in Fig. 3.14. At
the start of 0 number time, trigger pair 4, Fig. 3.15, is tripped causing
a high voltage output from the cathode follower gate in the center of the
drawing. The 18 4, pulse in the following blank number time trips
trigger pair5, to deliver a high voltage output from the cathode follower
gate for another cycle. Depending on whether a plus or minus sign is
stored in the § register, one of two pulse gates will be opened, to
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supply record pulses for two cycles to the proper record units. Also
under control of the high voltage output of the cathode follower gate,
the 18 4, pulse in blank number time trips trigger pair 3, Fig. 3.11,
The 17 4, pulse in the following blank number time resets trigger pair 2,
causing relays F£14-£37 to be dropped out. Finally, during 0 digit time
of the following blank number time the & register trigger pairs are reset.
Associated with the
storage channels is oP. 7
the i register. This
permits selection of
fast storage registers

=IA, PULSE,
under control of previ- 0 RUMSER T

ously computed numbers

T 1]
as well as under code TP 4 [ONIBQL ORD) g, PuLsE,
BLANK NUMBER TIME

control. On a command

to deliver a number to EE &

the 7 register, code A B s e = tro J&)m
C15%*, the sign, the B

1 component of the (1)

fourteenth digit, and

the complete thirteenth 0 P

digit of the number on D,

the C bus are stored in

the i register trigger RECORD PULSES hStons. Foists
pairs, Fig. 3.16. This oo omuu ) — %) (LOw STomage oRuws!
is accomplished by @)

gating 4, pulses at 17,

14, and 13 digit times © @©)
to the pentode gates

serving as trigger pair

puller tubes. 0 a, 8 TO SLOW
RECORD STORAGE
When the 4, B, or ¢ UNITS RECORD UMITS
number time in a coded Fig. 3.15-Recorad Pulse gating for tranafers.

instruction is desig-
nated as i, code 2%, a number time

will be selected corresponding to the
To do this, two signals are
« One, indicating whether

5-9, is obtained from the
wrleger palr, storing the, 2% component. of. 4he thintesnth afeit. The

second, specifying one of five number times, 0, 1 2, 3, or 4, is obtained
> ’ 2’

thirteenth digit stored in the 1 register.
delivered to the sequence control circuits
the thirteenth digit is in the range 0-4 or
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84 STORAGE SYSTEM

from a combination of pentode and twin triode gates controlled by the
outputs of the trigger pairs for all four binary components of the
thirteenth digit.

After a transfer from slow to fast storage, numbers may be selected
from the o and P channels under control of the i register. When a slow
storage register number, r» = 0000-3999, has been delivered to the {
register in the sixteenth, fifteenth, fourteenth, and thirteenth columnar
positions, then the code 408, number time 2%, will select from the a or
B channel the quantity corresponding to ». The thirteenth digit, as
previously described, controls the number time selection. To choose
between the a and B channels, the 1 component of the fourteenth digit
stored in the { register is compared with the 1 component of the
fourteenth digit originally stored in the & register for the slow to
fast transfer. When these digits are the same, indicating that the
desired quantity lies on the a channel, the plates of both tubes in
trigger pair 1, Fig. 3.16, are nonconducting. When the digits are
different, indicating that the desired quantity lies on the B channel,

FROM FIG.3.16
P A
b ) d L

A0S (14-1) FROM 8 REGISTER
TRIGGER PAIR

P é) SLOW-TO-FAST
. @ 2 2 TRANSFER

_HRO LRO ,
T0 PRODUCT
Bi2* GATES o TP |

a OR B GHOIGE (M= a)
(TO SEQUENCE CONTROL
CIRCUITS)

=)
TO PLAYBACK GATES

Fig. 3.17—1 register channel selection.
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one plate will conduct. Corresponding to these two situations, a high
or low voltage is delivered to the sequence control circuits, to select
the a or B channel.

A third function of the 7 register is to control shifting operations.
The method used to shift a quantity s columns is to multiply it by a 1
in the (s + 1)st machine column for a left shift, or by a 1 in the
(17 - 2)th machine column for a right shift. In the resulting product,
the low-order digits or the high-order digits, for a left or right shift,
respectively, constitute the shifted quantity. The amount of shift, s, is
delivered in the thirteenth and fourteenth columns to the { register,
with a positive or negative sign to indicate a left or right shift. If
the code B12%, number time 2%, is given, the i register will select the
proper power of ten for the shift multiplication. If the code 405 is
given on the third cycle of the shift multiplication, the 1 register
will select the proper read-out of product digits from the multiplier.

The powers of ten used for shift multiplications are arranged on four
channels, codes 516, 517, B18, B19, in such a way that the thirteenth
digit stored in the 1{ register may always control the number time
selection. The values 10%, that is, a 1 in the (s + 1)st machine column,
are stored on channel 16 for s = 0,...,9, and on channel 17 for
e = 10,...,15, at number times corresponding to the unit's digit of s,
The values lols-lal' to be selected for right shifts, are on channel 18
for -2 = 0,...,9, and on channel 19 for -s = 10,...,15, also at number
times corresponding to the unit's digit of a.

The choice among channels 16-19 is made thiough the circuit shown in
Fig. 3.17, which delivers to the playback gates one of the gating voltages
bg,ees,bg. The selection may be made either by code control, or, on a
512% code, under control of the sign and the 1 component of the fourteenth
digit stored in the { register. Also shown in Fig. 3.17 is the circuit
for the selection of low- or high-order product digits, under control
of the code 405 and the sign stored in the i register. To insure that
the low-order digits will be chosen for 8 = -0, the input to the sign
trigger pair, Fig. 3.16, is controlled by three gates. Thus for |s| = 0,
aplus sign is stored regardless of the sign of the quantity on the C bus.

This concludes the description of the internal storage system of the
caleulator. The material contained in this chapter is complemented by
the sections in succeeding chapters describing the connections between
nents of the machine, namely, the

internal storage and other compo
arithmetic units, the control registers, and the external tape storage

facilities.




CHAPTER IV
| ARITHMETIC UNITS

The arithmetic units provided in the calculator are an adder and 3
multiplier. Descriptions of these units and associated circuits will
be given in this chapter, preceded by a discussion of the 4, 3, and ¢
transfer channels which serve as intermediate storage between the arith-
metic units and the fast storage system.

Figure 4.1 shows the circuits controlling the 4 transfer channel.
The heavy lines indicate the four parallel wires for transmission of

1-18 A
DIGIT  NUMBER
TIMES TIME 10 w
¢ BUS AO1 Als® (LOW) (LOW) A BUS LIGHTS  MULTIPUER
4
NUMBER P, Gi
TIME
Te)

] 2

C
j
DIGIT
TIMES Te &) (*H)
Low) ['

2\
S, (P, ‘*—T—o-,':[% - G > ]

23 0
( P"O—-q { ]
» A /
f
N—
s TRANSILE
INVERT GATE J * DIRECT BATE T UL
FROM Fig.43, (al—«{P,) (Pe)e
A SIGN STORAGE N g

(o) ——] =2

AUGEND TO ADOCH
L")

L

Fig. 2)1=4 transfer channel .

decimal digits. The number pecg

rded on the c s of
three pentode gates, 1, 2, or 3 hannel may come from one

of which not more than one is open &t 8
o time gate, is opened during 1-16 digit tiees
= R

eliver the digits of the number selected fro®

R IRRRE————————

time. Gate 1, the 4 numbep-
of the 4 number time,
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storage by the 4 codes. Gate 2 is the regeneration gate, generally
open during 1-16 digit times of all number times except the 4 number
time, to provide a circuit from the transfer channel playback to the
record unit. Gate 3 delivers C bus information to the 4 transfer channel
at 4 number time under control of code 401, the o command. Since record
pulses occur approximately one-third of a digit time later than the 4,
pulses used in playback units, the record and playback pole pieces on
the transfer channel are 19.3 digit times apart. This causes a digit
recorded in 6 digit time, for example, to be played back approximately
one number time later by the 6 4, pulse, and then recorded again by
the 6 record pulse.

wWhen the command to record zeros on the 4 transfer channel is given,
code A15%, a high voltage is delivered to two twin triode gates, as
indicated in Fig. 4.1. The outputs of the twin triodes close gates 1 and
2, and as gate 3 is normally closed, the voltage on the bus connecting
the outputs of gates 1, 2, and 3 will be high. As a result, the input
voltage to the record unit will be low and zeros will be recorded.

|- \6 8
FROM SEQUENCE FROM 2ERO- o1 NUMBER
PLATBACK GATES COUNTING Byt TIMES TIME 10 10
0Ty 3. sare CIRCUIT {Low) (Low! (Low) 8 8us LIGHTS MULTIPUER

|

BLANK
NUMBER —
TINE

B TRANSFER
CHANNEL

INVERT GATE DIRECT GATE
P P
FROM FIG. 4.4 {a) 2 C'

N STORAGE UNIT
8 SIGN § (o)

S

ADDEND TO ADDER
e

Fig. 4.2—-B transfer channel.
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2° LINE 2* LINE The B transfer channel
A BUS A0 C 8uUs

controls are shown in
Fig.4.2. Here the input
may come from one of
four pentode gates, 1,
2, 3, or 4, of which not
more than one is open

4 NUMBER
TIME (LOW)

SEQUENCE b S T SEQUENGE at a time. Gate 1, the
CODE DIGIT 2 2 2 ) GODE DIGIT |

£ number time gate, and

gate 2, the regeneration

A NUMBER gate, operate 1in the
TIME (LOW)

Ty " ITA, PULSES

same way as gates 1 and

Pe) (Pa T, P P ROV
Aoty s 2 on the 4 channel.
Gate 3, for normalizing
T.P. control numbers coming
= 435 from the zero-counting

& G circuit, is opened at

(c)
+(C)}—T0 ueHTs 0 number time under

() . NOMEER o control of code B13%,
TIME DELAYED

TO FIG. 4.4,

B SIGN STORAGE

e
TRIGGER PAIR
i é; T

Gate 4 delivers the
oP 3 number coded on sequence
DELAYED

digits 3-16 when an

external transfer com-

(H=+) ) ::;" mand, code B527%, is
0 FIG. 4.1, given. There are no
GATES FROM A TRANSFER
UHANNEL special controls for |

Fig. 4.3-4 sign storage circuit. R S T, B

Z transfer channel by
closing gates 1 and 2.
Instead, zeros are played back from one of the fast storage channels
under control of code 517 8. A number on the 7 transfer channel may
be delivered to the zero-counting circuit, code 407, as well as to the
adder, multiplier, identity check circuit, and read-out lights.

The sign storage circuits associated with the 4 and Ftransfer channels
are indicated in Fig. 4.3 and Fig. 4.4, respectively. These sense the
2% lines only of the 4 and & busses, to determine the algebraic signs
associated with the selected quantities.

As shown in Fig. 4.3, the 4 sign storage circuit senses the 2% com-
ponent of the C bus instead of the 4 bus when a o command is given. In
eithercase, the digit and its inverse are delivered to a sign-computation
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circuit, which multiplies
the stored sign by the
Coding of 4 Transfer Sign A transfer sign, repre-

TABLE 4.1

ented by sequence digits
A Transfer Sign Sequence Digit B Baq £
2 1 1 and 2 as shown in
Table 4.1. There is a
positive 0 0
positive absolute value 0 1 high or low voltage on
negative absolute value 1 0 the common plate con-
negative 1 1
nection from the two

pentodes in the upper
portion of Fig. 4.3 when the resultant sign is plus or minus, re-
spectively. This sign is read into a trigger pair by the 17 4, pulse,
either during the 4 number time or, on a ¢ command, during 4 number
time. The trigger pair output may be used to control the direct and
invert gates leading from the 4 transfer channel to the adder, or, in
combination with the 5 sign, to determine the sign of a product.

The B sign storage

circuit, in Fig. 4.4, s
combines the sign of the
number selected by the 2
codeswith the 7 transfer
sign, coded on sequence
digits 17 and 18. The sl
17 4, pulse during the
2 number time reads
the resultant sign into
a pentode trigger pair.
In an adding operation, rmom #i0. 4.3 (c) TP (4) FROM F10. 4.3
the outputs from the

SEQUENGE
DIGIT 18

B NUMBER
TIME (LOW)

TO PRODUCT SIGN
=@—- STORAGE FIG. 4.28
(Hse)

control grids of the G © o€taTED
trigger pair tubes con- 7)) (P (™) 7)) (P,
trol the direct and
invert gates leading e
N
from the B transfer CC- opsELAED
OP. | DELAYED OR

channel to the adder. (T P, }4—0F. 3 DELAYED OR

OP. 5 DELAYED
To determine the product

of the A and B signs,

(o) 1))

the outputs of the 4 B
sign storage trigger
pair are connected to

Fig. 4.4—-B sign storage circuit,
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FROM TRANSFER CHANNELS

A, PULSES  GATED A, PULSES

(FIG. 4.1, 4.2)

A B
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v y
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AUGEND ADDEND

ADDER CARRY
(FIG. 4.8) TP

TO MULTIPLIER

5

(FROM FIG. 4.12)

TP

N2
P

Yo n Do

2® LINE, | LINE

EXCEED CAPACITY
CHECK (F1G. 4.13)

! SUM SIGN
- 2°LINE | CONTROL (FIG. 4.13)
' DIRECT GATE I
P?
INVERT GATE 1
PZ
A, PULSES
2* LINE
[ VG
], [P ,
MULTIPLIER
SIGN (FIG. 4.28) ﬁ\Pgi REGC
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TO LIGHT!
FROM FIG. 4.12 e —o@—-c BUS OUTPUT "
C TRANSFER
GHANNEL

Fig. 4.5—-C transrer channel,




ARITHMETIC UNITS 91

the suppressor grids of the 5 trigger pair tubes. The connections are
made in such a way that the common plate voltage from the B trigger pair
tubes is high or low for a positive or negative product, respectively.
In sign-choice operations, the product sign controls the direct and
invert gates between the 2B transfer channel and the adder, while in
multiplication the product sign is stored in a trigger pair and supplied
later with the product on the C bus.

The ¢ transfer channel is shown in Fig. 4.5, along with various
circuits to be described in connection with the adder. The single input
to the ¢ transfer channel is from the adder, to which products from the
multiplier must be delivered to be recorded on the ¢ channel. The sum
of the two digits which enter the adder at 6 digit time, for example, .
may not come through the add circuit in time to be recorded by the 6
record pulse, as will be explained later. Therefore, the sum digit is
stored in a trigger pair by the 6 4, pulse and recorded in the following
digit time. To compensate for this delay, the displacement between
record and playback pole pieces is 18.3 digit times, instead of 19.3

digit times as on the 4 and 5 channels.

FROM SiGN INPUTS FROM TRANSFER CHANNELS —I?OV
STORAGE T P'S o 4 2 |

e

SELEC"ION

DIGIT TimE
Jldlm—d?r_@f

IPER S s

TP TR TP TP

2*

>
TO WIPERS 4,3, 2,1 FIG, 4.7

Fig. 4.6—-Control trigger patirs for read-out 1ights.
To read the number on any one of the transfer channels to lights, a

button, 4, B, or C, 1is depressed on the front panel. This energizes
Ao jons from the four output lines of

pair puller tubes. A button labeled "CH"

a relay, Fig. 4.6, providing connect
the gelected channel to triggzer
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for checking the lights, causes a constant high voltage to be supplied
to the trigger pair puller tubes. When the 4 or 2 channel is selected, a
connection is also made to the corresponding sign storage unit, since
algebraic signs are not stored on the 4 and & transfer channels. When
the "read out" button on the front panel is also depressed, a step switch,
indicated in Fig. 4.7, is started, causing the number on the selected
channel to be stored in a set of relays controlling the lights. Through
the fifth step switch wiper, digit-time voltages are supplied to the
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eircuit in Fig. 4.6, gating
TABLE 4.2
A, pulses to the trigger
pair puller tubes. The cam faditien T
timing on the step switch Inputs to Adder | Binary Sum | Translated Sum
is slov enough to insure 0000 0000 0 0000 0 0000
the arrival of at le 0001 0 0001 0 0001
ast 0010 0 0010 0 0010
one gated 4, pulse on each 0011 0 0011 0 0011
0100 0 0100 0 0100
step of the step switch. 1011 0 1011 0 1011
1100 0 1100 0 1100
Thus successive digits from 1101 0 1101 0 1101
the transfer chann 1110 0 1110 0 1110
sls-are 1111 0 1111 0 1111
stored in the trigger pairs, 0001 0001 0 0010 0 0010
0010 0 0011 0 0011
the outputs of which are 0011 0 0100 0 0100
0100 0 0101 0 1011
connected to four of the 1011 0 1100 0 1100
ste . . 1100 0 1101 0 1101
p switeh wipers These 1101 o 1110 o 1110
in turn scan the relays 1110 0 1111 0 1111
1111 1 0000 1 0000
controlling the lights. The 0010 0010 0 0100 0 0100
0011 0 0101 0 1011
lights stay on until the 0100 0 0110 0 1100
o pn 1011 0 1101 0 1101
of f* button is depressed 1100 o 1110 o 1110
or until another number is 1101 0 1111 0 1111
1110 1 0000 1 0000
displayed. 1 ha 1 0001 1 0001
0011 0011 0 0110 0 1100
With this description of 0100 0 0111 0 1101
1011 0 1110 0 1110
the transfer channels as a 1100 0 1111 0 1111
background, the operation of 1101 1 0000 1 0000
i d P 1110 1 0001 1 0001
the circuits used for ad- 1111 1 0010 1 0010
0100 0100 0 1000 0 1110
dition will be considered. 1011 0 1111 0 1111
1100 1 0000 1 0000
A static add circuit, shown 1101 1 0001 1 0001
inbloe Fig. 4.8 1110 1 0010 1 0010
lock diagramin Fig ’ 1111 1 0011 1 0011
is provided to add two 1011 1011 1 0110 1 0001
1100 1 0i1d 1 0010
decimal digits and the carry, 1101 1 1000 1 0011
1110 1 1001 1 0100
0 or 1, from a previous 1111 1 1010 1 1011
S rod digit 1100 1100 1 1000 1 0010
um, producing a sum GZ£%° 1101 1 1001 1 0011
0-9, and a carry, 0 or 1. 1110 1 1010 1 0100
1111 1 1011 1 1011
Four circuits of the type 1101 1101 1 1010 1 0100
2 1110 1 1011 1 1011
shown in Fig. 4.9 are con 1111 1 1100 1 1100
n to add 1110 1110 1 1100 1 1100
ected in parallel, et 1 1101 1 1101
the four pairs of components 1111 1111 1 1110 1P 1910

according to the rules for
.9, the two 1 components plus the carry

The result is a sum digit and a carry,
reuit for adding the 2 components.

binary addition. Thus in Fig. 4
from the previous sum are added.
the latter being delivered to the ci
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24 2% 4a 48 2A 28 1A B The combined output of the
CARRY four parallel circuits repre-

+ + + + STORAGE
IFiG. 4.9 senting the binary sum, is

delivered to a translation

T ANSLATOR circuit, Fig. 4.10, for con-

(F16. 4.10) version to 2%,4,2,1 notation.

| | ' The possible binary sums and
?l. .[ 1 ! their 2%,4,2,1 equivalents

are listed in Table 4.2, The
static add circuit does not
produce an output instan-
taneously, because the capacity in the voltage dividers delays the carry
numbers passing from one binary add circuit to the next and retards the
setting of the gates in the translator. This is the reason for using
4, pulses to read sums from the adder into trigger pair storage, prior

Fig. 4.8-Block diagram of
8tatic add circuit.

to recording on the C transfer channel.

The cyeling circuits for addition are under control of the operation-
code 1. Since a subtraction is treated as the addition of a negative
number, the same code is supplied by the instructional tape preparation
table when either an add or subtract operation is selected. In the
latter case the 7 transfer sign is automatically inverted. For an ad-
dition coded on line n, the 4 and 2 control voltages cause numbers to be
selected from storage

and recorded on the 4 and “:w;o ‘QDE':D pgecfgug,ng:’-.
L= =) L*
B transfer channels. : b
Since the voltage corres-
o{T)—

ponding to operation-code ' —{(T
1 is also available for

one cycle starting at e T

blank number time, cyecle

n, it must be delayed /l\___
(H=1) w

CARRY TO ADD GIRCUIT
in order to control the FOR 2 COMPONENTS

addition of the selected T
quantities during blank

and 0 number times, e ) e
cycle n+l1. The delay ,
circuit, Fig. 4.11, makes et

the command available mi‘v’.:u’gon
CIRCUIT

w0

for one cycle starting,
arbitrarily, at 2 number Fig. 4.9-4dd circuit for 1 components.
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-
“"l'::.” zu.-n s 2 |
=1 (Le1) (Ha1)

\
|
|
| G

(H=1)

HCE)) W)
CARRY 2*

time, cyele n. Similar
circuits, included in
Fig. 4.11, delay the
commands for double-

accuracy addition, 2
e

operation-codes 3 and
4, and sign-choice,
operation-code 5, since
these commands, when

TP, TP

opP. 2 oP. 3

oP. 1 orP. S
LDELAYED) | DELAYED) (DELAYED) (DELAYED)

given on cycle n, also
Fig. 4.11-Delay circuit Sfor
requirg the [usesof :*he operation-codes 103, 4, B
adder on cycle n+l.

During blank number time, cycle n+l,
the 4 and 5 sign storage circuits, Figs. 4.3 and 4.4, to open the direct
ding from the transfer channels to the static add

storage or their nine's complements
beginning with the lowest order digits.

the delayed add command permits

or invert gates lea
circuit. The numbers selected from
are added serially in digit pairs,
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Each sum digit is delivered directly to the trigger pairs leading to
the C¢ transfer channel, while the carry is stored in a trigger pair
leading back to the adder. A, pulses coming from the gate circuit shown
in Fig. 4.12 are used to read the carry numbers during 1-16 digit times
into a trigger pair, while continuous A, pulses advance the carry numbers
in the following digit time to a second trigger pair feeding the add
circuit. Thus the carry number resulting from the sixteenth digit pair
sum, the end-around carry, will be added to the signs in the following
17 digit time. The sum of the sign digits, including the end-around

BLANK 146 m t
0 (] "

OP. | OP. 3 oP & oP. 5 NUMBER oP 1 or 5 FROM FROM

DELAYED DELAYED DELAYED DELAYED TIME DELAYED DELAYED FiG 421 FIG 428

o S g A

A, PULSES 0

Cy

@

GATED A, PULSES TO GATE FOR RETURNING SuM TO
FOR CAR&V STORAGE ADDER FROM C TRANSFER CHANNEL
(T0 FIG. 4 5) (Fig 4.5)

Fig. 4.12-4dder cycling circuits.

carry, will then be 0 or 9 for a positive or negative sum, respectively.
It should be noted that this system causes the difference between two
identical quantities to be recorded as a negative zero. The 2+% component
of the digit representing the sum sign is read into a trigger pair by
the 17 A, pulse, Fig. 4.13, and in the following number time will control
the direct and invert gates leading from the ¢ transfer channel to the
adder.

During 0 number time, cycle n+l, the sum on the ¢ transfer channel
is played back and delivered through a pentode gate to the adder as
addend, to pick up the end-around carry. Zeros are supplied as the
augend, since the gates from the 4 transfer channel are closed. The sum
is now sent on either directly or inverted, depending on the sum sign,
to the ¢ transfer channel. The sum sign is also recorded on the channel
as the seventeenth digit. After 0 number time, the C regeneration
gate is opened, causing the ¢ playback output to bhe regenerated and
made continuously available for return to fast storage.
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The exceed-capacity alarm circuit stops the calculator if a sum, z,
falls outside the range, -9999 9999 9999 9999 < z < 9999 9999 9999 9999.
The eircuit makes use of the fact that an excessively large or small
sum causes the sum of
the sign digits, at 17
digit time, to be 1 or
8, respectively. In both
these cases, the 1 com-

BLANK OP. | OoP. &
Nl%‘l:ltﬂ DELAYED DELAYED

ponent of the sum digit
differs from the other

three binary components,

vhereas usually all four

binary components of
the sum digit, 0 or 9,

are the same . The

circuit shown in Fig.4.13 rorees —(P) (T )+—ofliavto

compares the 1 component -
T e

vith only one of the

other three, namely, the ® é' ¢ ®

2% component. When these TP

(:)'_ oP. 4
are not the same, the s '(P% L L , Ll
pentode gate serving as by SLANK

a trigger pair puller (ow)
tube will be open, per- ._m_t_clu_"_w_é. va
mitting the 17 4, pulse '°"°‘°{ S—

to trip the trigger pair D G ®
and sound an alarm. The !

cireuit 1is disabled, S l::
however, during a double-

accuracy addition.
To perform a double-
T0 C REGENEﬂ)A?ION

accuracy (thirty-two GATE (FIG. 4.5
SLEit) iaddition cumIng Fig. 4.13-Exceed-capacity check and
the adder just described sum sign storage.

requires four cycles of
machine time. The four lines of coding fo
automatically by the instructio
marked (3) in the "operations” column
storage pegisters containing the low-0

indicated as "z, Dy, = 5"

r this operation are supplied
nal tape preparation table when the key
is selected, along with keys for the
rder digits. For example, the order

will supply the coding to add the numbers
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having low-order digits stored in z, and y,, and high-order digits store

in z; and y,, respectively. The low- and high-order sum digits will pe

recorded in z; and zgz. The algebraic sign is stored twice, with both the
low- and high-order digits.

The addition is performed in the following way. First, the low-order
digits or their nine's complements are added, and the sum is stored.
Then the high-order digits are added, along with the carry from the loy-
order digits, and this sum is stored. To pick up the end-around carry,
the low-order sum is now returned to the adder, and 1s recorded on the
C transfer channel directly or inverted, depending on the sum sign.
Finally the high-order sum is added to the carry, if any, from the lov-
order sum, and then recorded on the ¢ transfer channel under control of
the sum sign.

It will be recalled that in sixteen-digit addition, the augend and
addend are added during blank number time. During 0 number time the sum
is returned to the adder, to pick up the end-around carry. However, in
double-accuracy addition the adder is used only during blank number
time. The carry resulting from the addition at 16 digit time is left
in the adder, to be added during the following blank number time to the
new augend and addend.

Of the four lines of coding involved in a double-accuracy addition,
the first, requiring that the low-order digits be added, and the second,
requiring that the high-order digits be added, both contain operation-
code 3. The third line, returning the low-order sum to the adder to
pick up the end-around carry, and the fourth, returning the high-order
sum to the adder, both contain operation-code 4. These commands are

delayed in the circuit of Fig. 4.11 ag previously mentioned.
Under control of the delayed

N sixteen-digit addition. The sum is not
returned to the adder during 0 number time
’

transfer channel and then returned to fast s
from the addition at 16 digit time is left

The delayed voltage corresponding to ope
gate from the 5 transfep channel to the
the usual B sign control when the low-

but is regenerated on the
torage. The carry resulting
in the adder.

ration-code 4 opens the direct
adder, Pig. 4.4, to eliminate
and high-order sum digits are
umbers. Zeros are recorded of

P€ Preparation table. Under control of
ough the circuit in Fig. 4.12, in

E— &
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order to store carry numbers in the adder. The sum digits are recorded
eitherdirectly or inverted, depending on the sum sign. The gates leading
to the sum sign trigger pair are closed since the sum sign has already
been computed and must not be altered.

When more than thirty-two digits of accuracy are required, three or
more registers must be used to store each complete quantity in the calcu-
lator. An addition of such quantities may be coded by adding the suc-
cessive groups of sixteen digits under control of operation-code 3, to
form sixteen-digit partial sums. These must then be returned to the
adder under control of operation-code 4, to pick up the end-around carry
and to invert negative sums to the usual form, a positive absolute value
followed by the algebraic sign. It may be noted that when two positive
quantities are being added, there will be no end-around carry and no
conversion from nine's complements. Therefore, the time for a high-
accuracy addition of two positive quantities may be halved, since it is
sufficient to form the successive sixteen-digit sums under control of
operation-code 3, using operation-code 1 on the last line as a check
that the sum is not excessively large. In this connection, it is ad-
visable in high-accuracy work to multiply only positive absolute values
and to supply the proper product sign afterwards, since this permits the
high- and low-order product digits from each sixteen-digit multiplication
to be summed under control of operation-code 3 alone.

In a sign-choice operation, operation-code 5, the number selected by
the 5 codes is multiplied by the sign of the number selected by the 4
codes. As may be seen from Fig. 4.4, the delayed voltage for operation-
code 5 causes the number on the B transfer channel to be read to the
adder either directly or inverted depending on the product sign, not
the 5 sign. As both of the gates from the 4 transfer channel are closed,
the number or its nine's complement is then added to zeros and recorded
directly on the ¢ transfer channel. The product sign is also recorded
and stored in the trigger pair usually reserved for the sum sign. During
0 number time, the quantity on the C transfer channel is returned to the
adder and then recorded either directly or inverted, depending on the
product sign.

This concludes the descriptions of circuits immediately associated
with the adder and employed in the operations of addition, subtraction,
double-accuracy addition, and sign-choice. In considering the multi-
plication circuits, the main components of the multiplier will be
deseribed first, followed by a discussion of the cycling controls and

the operation of particular circuits.
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Referring to Fig. 4.14, an over-all diagram of the multiplication
circuits, it is seen that the multiplicand, having been selected from
storage and recorded on the 5 transfer channel, may be gated to the
record unit for the decimal channel labeled ¥C. The sixteen multi-
plicand digits, once recorded, are regenerated on the MC channel, since
the record and playback pole pieces on this channel are separated by
15.3 digit times. The input to the MC record unit also feeds a static
multiply ecircuit, causing the multiplicand digits to be delivered there
serially, starting with the lowest order digit, and continuously, as
long as either the input gate or the regeneration gate is open.

The decimal channel labeled MP in Fig. 4.14 stores the digits of the
multiplier, coming from the 4 transfer channel. The lowest order digit
of the multiplier is gated to trigger pairs in the static multiply
circuit, where it will be used to multiply all sixteen multiplicand
digits. Because the record and playback pole pieces on the ¥P channel
are 14.3 digit times apart, each digit of the multiplier is played back

fifteen digit times after it
MULTIPLIER DIGIT

is recorded and may then be 2® 4 2 |
gated back to the record unit. | l l l

Thus at intervals of sixteen ng%gm%ma

digit times, the second, l l l l

third, ..., sixteenth multi-

plier digits will be played TR RAMID

back and gated to the trigger et i

pairs of the static multiply Y T A O I o

eircuit, where each will
multiply the multiplicand
digits.

In a single digit time, 2% % z __
the static multiply cirecuit, 2z¥ " géf
outlined in Fig. 4.15, computes éu—’ "g’gg
the product of one multiplier ';;'- —s F

and one multiplicand digit.
By means of vacuum-tube pyra-
mids, Fig. 4.16, the entering
digits are translated to

Fig. 4.15-Block diagram of
decimal notation and delivered p o T andd tpl i o Traa s

tothe gates, Fig. 4.17, which
serve to multiply the two digits. The output leads from the gates are

connected as shown in Figs. 4.18 and 4.19, to deliver the product in
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2%,4,2 1 notation. In each product the ten's digit is referred to as
the left-hand component, and the unit's digit as the right-hand component.

Two static add circuits, #1 and #2, are provided for combining
successive left-hand and right-hand components to obtain the thirty-
two product digits. Adder #1 is the same circuit used for the operations
of addition, subtraction, double-accuracy addition, and sign-choice.
Adder #2 is a duplicate circuit, with special controls on the storage
of carry numbers as will be described later.

Left-hand components from the static multiply circuit are delivered
to adder #1, where they are added to sums from adder #2 to form partial

Fad 4 2 1
w=n = w0 Lt}

TR R M
<

Ce

)

Fig. 4.16-Translation pyramid.

products. These are recorded on the decimal channel labeled PP, and
played back after a delay to adder #2, where they are added to right-
hand components coming from the static multiply circuit. Thris provides
the shift necessary to add the left-hand component resulting from the
first product, for example, to the right-hand component resulting,
sixteen digit times later, from the product of the second multiplier
digit and the first multiplicand digit.

The decimal point shift circuit stores the thirty-two product digits
resulting from one multiplication. The final low-order product digits
are recorded there in the course of a multiplication, and on the MP

_%




g ARITHMETIC UNITS 103

WP zl‘mc ne " MG MP i MG MP 3 MC MP 2 MG MP E MC MP 3 MC MP > MC
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€ @ ) ©) € ) )
0 o O B a1

il 2x3 2 x4 2x5 2%6

3IX4 3%5 3 g
4»:; 4

INPUTS FROM TRANSLATION PYRAMIDS (FIG. 4.18)
OUTPUTS TO FIG. 4.18 AND FIG. 4.19

&

Fig. 4.17-Multiplication circuit,
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channel as well, in place of used multiplier digits. Because of the
spacing between record and playback pole pieces on the MP channel, the
low-order product digits are advanced, or precessed, until at the end of
a multiplication they are recorded at consecutive digit times, even
though introduced at intervals of sixteen digit times. Then the high-
order digits are delivered from the PP channel to the decimal point
shift circuit, which selects the sixteen digits at the operating
decimal point. Under code control, the circuit will also select the

i |

9x9 4
Gy
7x9 8x8 5xX8 5x9 6x7 6x8 7Tx7
Cy
6X9 7Tx8 3X7 3IX8 3xX9 4X5 4x6 4XT 5x5

SRR o ve p

2X5 2X6 2X7 2xXB 2x9 3Ix4 3Ix% IX6 4x4
: é ¢

e

4x8 4%X9 5X6 5X7 6x6

Fig. 4.18-Left-hand component of product.

high-order product, the low-order product, or the digits with decimal
point between columns 16 and 15.

Referring to Fig. 4.20, it is seen that by recording the complete
product on one or two of the five decimal channels having pole.pieces
spaced as shown in the diagram, the selection of product digits may be
made by choosing the proper one of seven playback pole pieces. Relays
energized by the manual setting of the operating decimal point provide
connections from the associated playback pole piece to the gate for
products at the operating decimal point. Relay connections are also
made to one of the record pole pieces on the four channels at the right
when the operating decimal point is between columns 15 and 14, 13 and
12, 12 and 11, or 10 and 9. However, the product is recorded on the
channel at the far left independent of the choice of operating decimal
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point, since the playback pole pieces on this channel deliver the digits
vhich are available under code control. Because of the upper and lower
record pole pieces on the channel at the left, the product digits are
recorded on both halves of the drum periphery and may be called for by
code regardless of the drum phase.

A multiplication is performed under control of operation-code 2. When
the button labeled "z" is selected on the instructional tape preparation
table, three lines of coding are supplied automatically. The first of

ZX3 2x8 3X9 4x4 4XxX9 6X6 78

0000999

2x4 2x9 3X3 3IX6 4x7 68 77

09990909

3x§ 5x5 5x7 5%x9

2%

2X2 2X7 3XB 4X6 6X9 8X8

25

2x6 3xX4 4x8 6X7 Tx9 8x9

i

ilside

| |
(FROM MP TRANSLATION PYRAMID)

TRANSLATION PYRAMID) MG

o-" (FROM NG oloIT
e weh)
2 2*

e —(T)e LT (1) @i e T
IR - (S - ) ©)

Fig. 4.19-Right-hand component of product.

these contains operation-code 2, while the second and third are blank
(all zeros), to allow the time required to compute the product of the
numbers selected by the 4 and B codes on the first line. The product
vwill be delivered to the C transfer channel at the operating decimal

point. However, if the high-order product, the low-order product, or the
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Fig. 4.20-Decimal potnt shift ctrecuit,

digits with decimal point between columns 16 and 15 are desired, the
codes 402, 403, or 406, respectively, must be given, either on the third
line of the multipli-

op. 2 cation or after the
(SCREEN) e ':C“;n multiplication has been

17 DIGIT TIME —r—‘ ‘ TIME completed.
The principal cycling

NUMBER nuz’—_’. \ o( Pe voltages required in a

multiplication are ob-
NUMBER TiME "‘ s@ tained from a ring of

ten, Fig. 4.21, which
L e . 1_.. is in the reset position
when tubes 6, 7, 85 9;
and 0 are conducting.
The voltage corresponding

to operation-code 2 opens

® CONDUGTING IN RESET POSITION

FROM CONTROL GRIDS OF RING TUBES

L] g '3 by U 6 !
apentode gate, admitting
the 1 4, pulse during
4 number time to the

My my Me ks 4L screen grid of tube 1
and advancing the ring
Fig. 4.21-Multiplier ring of ten. toposition 1. The timing
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diagram, Fig. 4.22, indicates the ring positions during one multipli-
cation, and the duration of the cycling voltages, m,,m;,m,,m,, derived
from the ring tubes.

At the start of a multiplication, 1 digit time, 4 number time, cycle
, a timing scheme is adopted composed of sixteen "multiply" number
times, each containing just sixteen, rather than twenty digit times. To

n

deliver a voltage during the last digit time of each multiply number
time, pulses recorded at sixteen-digit intervals in two channels on
drum 7 are delivered to playback units. The output derived from one
or the other channel is selected by the circuit in Fig. 4.23, depending
on the drum phase at the start of the multiplication. The drum phase,
indicated as an "even" or "odd" half-revolution, is also determined

CYCLE n n+l n+2 n+3
uunacnrm:‘s]caouzsaao‘|zsaaonzao
RING POSITION O | 4l W
| =
2
3 |
4
. ==
6
7
6 !
9
m|
me
my
m, —

Fig. 4.22-Timing for multiplier ring.

from channels of pulses on drum 7. The circuits in the lower portion
of Fig. 4.23 deliver gated pulses occurring at various digit times, as
required by the multiplication cycling. Further control voltages are
generated in the circuits of Figs. 4.24 and 4.25, under control of the
ring and the pulses from Fig. 4.23.

By considering the over-all diagram of the multiplication circuits,
Fig. 4.14, in conjunction with the timing diagram, Fig. 4.26, for the
control voltages t,,tz,+++,%18, 8 detailed study of the steps involved
in one multiplication may be made. To illustrate the flow of digits,
an example has been carried out in Table 4.3 for a four-column multiplier
having the same controls as the unit included in the calculator. In
the example, the circled digits are the carry numbers resulting from the
last addition performed in adder #2 during each multiply number time.
Bach of these must be added not to the following sum in adder #2, but
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in adder #1 to the last left-hand component produced in each multiply
number time. This is accomplished through the circuit shown in Fig. 4.27.
DRUM PHASE

(LOW FOR EVEN
HALF - REVOLUTION)

OP. 2 —red’, Py

T.P.
16 DIGIT TIME, P 16 DIGIT TIME,
ODD HALF-REVOLUTION 2 EVEN HALF -REVOLUTION
(HIGH)
16 DIGIT TIME
(Low) | FOR MULTIPLIER
Ap PULSES,
e G 1-15 DIGIT TIMES
OF MULTIPLY
NUMBER TIMES
A, PULSES T.P.
A, PULSES T e
T.P. A, PULSES
T
T T
t, A, PULSE, t,

1 DIGIT I DIGIT

TIME OF TIME OF

MULTIPLY MULTIPLY

NUMBER NUMBER

TIMES TIMES

Fig. 4.23-Multiplienr ¢ycling voltages,

During the last digit time of each multiply number time, the regular
trigger pairs for the storage of carry numbers from adder #2 are reset
by an 4, pulse, and the carry number is advanced to trigger pair 9
instead. 1In the following digit time it is advanced to trigger pair 3.
Here there is no coincidence with a sum from adder #2, as the adder #2
output at this time, being a final product digit, is gated to trigger




TABLE 4.0
Digit Flov in Four-Column Multiplier
4321 = 870 - 42674190
Multiply Number Time 1 Multiply Number Time 2 Multiply Number Time 3
Digit Time —— = 1 2 3 4 1 2 3 4 1 2 a 4
Ay RA LAy Radg | Ay Raglay 8, | 4y Nay |4, Ray |4y Ragla, Ra, | 4, Ra,|a Ra, |4, ka,|a R4,
Is Statis {l' « 7 L]
Seitiplter we | H 3 4 1 2 a N 1 2 3 4
Af Lo Adder #2 . 2 » 4 7 4 1 8 L) 6 4 2
M te Mder 92 o o o 00 2 9 5 2 3 L) 2 2
LR o » 1
P.0. 8 o 9 1
Dee. PV, SBACY Okt. ° 7 L ° a 8 9 6 9 ° ] 9
r.2. 3 2 - 4 ©® a 7 0 (©) s 7 5
T2, 48 Maer 91 2 L] 4 ® 3 7 0 ® 5 7
FUR P 0 1 1 2 0 1 2 2 0 1 2 a
re. e o 1 1 2 0 1 2 2 0 1 2
T2 T A Maer 0 1 1 2 0 1 2 2 0 1
LA 2 » 5 2 3 L] 2 3 5 L]
" 2 (] 5 2 3 “ 2 a 5
TABLE 4.3 (continued)
Maltiply Nusber Time 4 Start of Standard Number Time
I R — 1 2 3 1 2 3 4 5
Ay Rag| A, mayla, mala, Hay | &, mag A Ra A, Raz| 4 RA A RA,
In Statie {0 ° 0
Meltip)ier w ] 2 ] ‘ 0
AY te Adder #2 ® - 7 0 ° o o o
PP e Adder §2 5 " 7 a 7 L 2 4 o
rr. 1 4 7 6 2 “+
r.r. 2 4 7 L} 2 4 Yat
complete
Dee. PL. Shifs Okt 1 6 9 1 4 7 6 2 4 —redunt
r.r 3 ©® 7 & 0 ® o
TP 4 & Asder 01 5 © 7 s 0 ® 9
Merr s o 1 2 E] o 0 0
r.r. s E] ° 1 s 3 w >
T.h. T A Mder 01 2 3 o ! 2 3 o /
L 7 k] 7 6 2 ) 0 0
” . - a 7 o 2 4 0 0

pair 1. The carry number is then advanced to trigger pair 4, and added
in adder #1 to the proper delayed left hand-component.

It should be noted that information may be gated through any one of
five erystal rectifier circuits, Figs. 4.14 and 4.20, to the playback
unit generally associated with the MP channel. Under control of t,,, the
gate for the playback pole piece on the MP channel is kept open at all
times except blank and 0 number times, cycle n+3, of a multiplication.
At this time, the circuit of Fig. 4.25 delivers either t,,, t,,, %,5,
or t,. instead, to open gates associated with one of the playback pole
pieces in the decimal point shift circuit. These gates are opened at
the start of blank number time, like the fast storage playback gates,

to allow the transients introduced by the gating voltages to die out.

During 0 number time, the selected product digits are delivered from

the playback unit through adder #1 to the C transfer channel under
control of t,,. The same control voltage causes the algebraic sign of

the product' previously computed in the 4 and B Sign Storage cirecuits
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I8 DIGIT TIME | DIGIT TIME OF RECORD
A, PULSES FOR MULTIPLIER  MULTIPLY NO. TIMES A, PULSES PULSES
m, m, (Low) m,
Tl pl
— (%)
Te
ty t, t, ¢ ty L, t,

Fig. 4.24-Multiplier control voltages ta-t,,.

and stored in a trigger pair, Fig. 4.28, to be recorded on the ¢ transfer
channel at 17 digit time.

FROMFIG. 421
GRIDS OF RING TUBES

I NO. TIME
TI
T
C, G R P
FROM FIG. 4.20
OMIT ROUND OFF
DELAYED A02
AO2 ()
4 NO TIME
r [ &
& et " o7 D)
DELAYED AO3 f
AOD3 (L) 1T DIGIT TIM
1 al

€ “Ce1© " r)

DELAYED AOCB
Lo iy Ly tie AOG (t,,)

Fig. 4.25-Multipiier control voltages tio-t;g.
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Fig. 4.26-Timing of control voltages for over-all diagram.
CARRY FROM ADDER NO.2
(H=1) (L=n
T Ag PULSES
A!PULSES.S 16 DIGIT
¢ DIGIT TIME P, P, @ e
2 1-15 OF MULTIPLY MOChBLRG
NO. TIMES
A, PULSE,
| DIGIT TIME OF _T__.._.r TP A, PULSES—p— TP (e
MULTIPLY NUMBER TIMES
@
TP
10 TRIGGER 10 TRIGGER PAIR 3, TO ADDER NO, 2
PAIR 3, I LINE
2% 4, 2 LINES (F1G. 4.14)
(FIG 4.14)

of carry numbers, adder #2.

Fig. 4.27-Storag:
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Except when the high-order or low-order product digits are selected
or when the operating decimal point is between columns 1 and 0, the
products are rounded off in adder #1 before being recorded on the ¢
transfer channel. Under control of t,a, a high voltage is delivered
to the 2* line of the addend at 0O digit time, O number time, just before |
the lowest order product digit arrives. Then if the digit preceding
the lowest order digit is 5 or greater, a carry of 1 will be generated
and added to the lowest order digit.

As may be seen from Fig. 4.25, voltages tiys ty15, 16, )5, and t s
are delivered independent of the multiplier ring, when the codes 402,

A03, and A06 are given.
PRODUCT SiGN This makes it possible to
i read the associated groups
of product digits to the

~ ¢ transfer channel after a (

2,34 e 2 multiplication has been
2 ehoy completed and the ring has l
) Tive. t, stopped cycling. No 5 code ‘

m,

o T3 or operation-code is given
with a code 402, 403 or
A06, since the selected
product digits will not
be available in time to
initiate any arithmetic
operations.
This chapter concludes

2 LINE TOC

B with a discussion of the
zero-counting circuit pro-
Fig. 4.28-Product sign storage. vided to facilitate normali-

zation, as this 1is an
arithmetic unit in the sense that digits are counted and the results
made available for further computations. Under control of code 407,
the gquantity selected from storage by the 5 codes will be delivered to
the circuif shown in Fig. 4.29. The output of the circuit is the number
of zeros, 00-15, to the left of the first non-zero digit of the entering
quantity. This normalizing control number may be delivered, in columns
14 and 13, to the 3 transfer channel under control of code 513%. The

choice of columns 14 and 13 makes it possible to read the number directly
to the i register to initiate a shifting operation.

The zero-counting circuit consists essentially of an input ring of




113

ARITHMETIC UNITS

*22M0u29 Buljaunod-ouaz—6g ¥ "ITY

TANNVHO H34SNVHEL 8 0L

v 2 |
20)
#N04 40 ONIE
‘I QI¥9 T0HINOD
'L
‘o)L 4
EL S
aniL :c."_o ¢ di
11910
£
} }e }e ¥ ¥
2 s s \
N3L 40 ONIH 'SQINO OHLNOD WOHS 1d'L
| L

'
3 INLL
1
$35 04 6 Q Ai810 0
L}
» ] X
N3L 40 ONIY @ e
‘SOIMD TOMINOD MOM4
13534 ¥04 S3end ONIH 40 SOI¥O N330S 0L o

$409% cm. 0

SHOSSINLdNS
N3IAS O

ILUUE LI
HIANON §

..Q::’_—
41010 %1 -

Q
(9
O O

000 oL Jull(xu lutgg ] ,O&b




114 ARITHMETIC UNITS

four, a counting ring of ten, two trigger pairs, and a number of gates.
The circuit is reset by the A, pulse in 0 digit time. In the following
digit times, each zero digit coming from the 5 transfer channel gates
an 4, pulse to the suppressor grids of tubes 0 and 2 in the first ring,
advancing the ring to position 1 or 3. The following A, pulse advances
the ring to position 2 or 0. As the control grids of tubes 1 and 3 are
connected to the suppressor grids of the odd and even tubes in the second
ring, each zero digit from the 5 transfer channel effectively advances
the second ring one position. Each non-zero digit from the 7 transfer
channel gates an 4, pulse to the reset line, returning the rings and
trigger pairs to their reset positions. Thus since the quantity from
the B transfer channel arrives serially starting with the lowest order
digit, the circuit will be reset by the highest order non-zero digit,
The ring of ten will then be advanced one position for each of the
following zeros, the final ring position indicating the number of zeros
to the left of the first non-zero digit in the entering quantity.

When the ring of ten reaches the ninth position, indicating that nine
successive zeros have been counted, trigger pair 1 is tripped. If the
following digit from the 5 transfer channel is also zero, making ten
zeros, trigger pair 2 is tripped. Thus in the output of the ecircuit,
the position of trigger pair 2 indicates whether the number of zeros
counted is less than ten or ten or greater, while the position of the
second ring indicates the unit's digit, 0-9, in the number of zeros
counted. The output is available until another quantity is delivered
to the ecircuit.
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CHAPTER V
THE ELEMENTARY FUNCTIONS

provisions are made within the calculator for automatic computation of
the elementary functions " g 1-1/2’ 108, %, 10*, cos x and tan”' z.
me theoretical basis of the computations will be discussed in this
chapter, followed by descriptions of the associated circuits required in
the caleulator. Complete coding instructions for the functions are given
gt the end of the chapter.

The function = 1s computed by an jterative method using the Newton-

Raphson formula,

7(s,)
p -8 = 2T (1)
m+1 m 8m
Vhen specialized for the case,
; 1
f(z) = X - rid
the formula yields an expression,
i t! (2
5, = 5,(2 za_), )

vhich converges toward z-'. If the error in a first approximation 2, is

represented by ¢/x, giving

(2) results in the following equations,

1 - e® B

then substitution in Eq.

S (3)

|

rval 1 < Z < 10, it follows that

If = the inte
is assumed to lie in achine of p columns

reciprocals may be computed to full accuracy by & @
‘apacity in m iterations, provided that

|g|<(5x10p)2 5 (4)
it is necessary to find a first

ocess
d ; quality will be satisfied.

Before applying the jterative P
foregoing ine

“Pproximation, z,, such that the
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To do this, set

1 + e(x) 2 n-1
B c————— ... x .
By = - a; + a,x + an
Then,
n
e(z) = -1 + a1z + a,22 + -+« + a =

The value, ]emax(z)l, can be made as small as possible throughout the
whole of a certain subinterval of the range 1 <z < 10 if e(z) is repre-
sented by a Tchebychef polynomial', which has the property,

lemel = le(zg) | = |elz;)]| = |e;| = lea| = +o0 = len_lli

where z, and x; are the limits of the subinterval in question, and the
e(xi)are the n-1 maximum and minimum values of e(z) in that same interval.
The general Tchebychef polynomial for the interval (z5,%,) is

RX = (Bn = IT
;i cosEIcos"( 2 ‘a,

Tn(x) z, - x,

where A, is arbitrary. For example, when n = 2

- 2r - -
T,(x) = 4, cos[é cos™ ' ( To x,ﬂ.

oy Xy
Thus when
-(z; - z5)2
‘42 = 2 27
o< + Bzpx, + =z,
then
e(z) = -1 + a;z + a,22,
where
01 = 8(20 ¥ I]) (5)
302 + 6zyx, + 112’
RS -8
2 " Z% 4 6zoz, + 2,2 (6)
Also,

s (x] - .'l'.'o)2
o -’502 + 6xyx, + ;z:.l2

(x - 1)2
k2 + 6k + 1’ (7)

where k = zy/z;.
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Clearly an expression similar to Eq. (7) may be derived from each
Tchebychef polynomial of degree n. These expressions may be used together
¥ith the Ineq. (4) to relate the variables p, m, and k = xo/x]. Since
¥’ must be approximately equal to 1/10, where ¢ is the number of arcs
of degree n-1 used to approximate 24 in the interval 1 <z < 10, it
follows that a suitable study of the data here given may be made to yield
that set of =z, for which the total amount of stored information is a
ginimum or for which the number of arithmetic operations necessary to
the computation of z™! is a minimum, whichever is desired. Actually,
this choice also depends on the storage system of the calculator and the
pethods employed for the computation of two other functions, x"/z and
log,, *. Hence further comments will be made after these functions have

been discussed.
To compute the function x-'/z, Eq. (1) is specialized for the case,

1
r(z) = x- —5.
2
Then,
T = 2 8
Bm*' _— I Bm(s xzm ); ( )
-1/2 1p
and 2,y converges toward the value x -
1 + e

then, by Eq. (8),
1 -~ 3e%/2 (9)

o = ’
] xl/2
.1 - 27e*/8
b4 = ’
2 w18

R s
1/2 !

m x

in the interval 1 < Z < 10, recognizing
en to put = within this interval may
"/2. It follows that 2z~ "/? may be
capacity in m iter-

vhere r = 2™ - 1, Assume x lies
that multiplication by & power pr-%
require multiplication of 2, DbY 0
tomputed to full accuracy by 8 machine of P columns

ations, provided that
rea-Pi2"P® (10)
(o] 2iEB(2/8Y 10 71" e
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In order to find 2q, consider the function,

e(s) = -1 + a8 + 0.383, (11)

”

and let a, and a, be determined such that in the interval s, 6 <2 <3,
le(so) | = |elsy) ]| = |e,],

where €n is the maximum value of the function in the interval in question,

It may be shown that

2(809% + 8g8) + 81%)

898, + 858,° + 25’
-2
&3 (13)
3 Ba<ay 1+ 858, it 287
2 2
Sl g R2(sp”8, + 858,2)
L 8p°8, + 898, + 25’
where y,
3/2
[802 “+ 8g8; + 812 /
S = N
3

By setting k = (s,/s,)?, it follows that

=
e 2(k + Vi)

K + Vi + 2[(k+k+1)/3]372
In Eq. (11), set = = 82, to obtain an expression for =

-1/2 -1/2 -1/2
z, <z < z, , namely,

(14)

o in the interval

1 +
1

e
2 — N / 4 + a.x
o z1 /2 L 355

Inequality (10) and Eq. (14) may now be used to determine the number of
constants which must be stored in a machine of

function z~

lo z = lo a + (1o SIRE z3 =1 )+
g]O g]O ( g',o e)[a T+T- LY Q(l+xn] * :\’ (15))
and
z = g -1,
where
R < (log g gn+1
1 )(7;:3-). (16)
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Suppose the interval 1 <z < 10 to be divided into subintervals with
each of which there is associated a value of a. Further, let the values
of 1/a and log,, @ be stored in the calculator. Assuming z, <z <z, to
be one of the subintervals, set

X
20! - L2
L -1 = -(z- 1)

Then the most appropriate value of a in the interval is

x + X
0 1
a4 = —— 1
= (17)
Hence the maximum value of z in the interval is
2x
':
m xg + 27
ST (18)

B vy

where k = xo/z,. Inequality (16) and Eq. (18) may now be used to de-
termine, as a function of the number of constants stored, the number of
arithmetic operations required for the computation of log,, Z.

The fact that in the storage system of the calculator ten numbers are
stored around the drum periphery in one decimal channel suggests that
the interval 1 < z < 10 be broken into ten subintervals for the three
foregoing functions. Then by storing constants appropriate to z in each
interval at the ten number times, a single argument-sensing circuit may
be used to control the number-time selection on the channels containing
the parameters necessary to the computations. For gimplicity and economy,
it is desirable to sense only the first two digits of z. On the other
hand, if the sensing circuits placed no limitation on the design of the
apparatus, the subintervals should be delimited by the numbers to,t‘,
Erios e ¢ = 10VY0; Smking k' <"0.7043 for, a1} intervals. The
values, t", are given in Table 5.1, together with certain two-digit
approximations more suitable for sensing purposes. The table also lists
the values of k resulting from the adoption of the approximate values of

t". As the difference from the theoretical value of k never exceeds

e adopted with complete assurance

0.0443, the approximate limits may b
that the limitations on the design of sensing circuits due to engineering
considerations will not increase the number of stored constants nor the

number of arithmetic operations required for the computation of the

functions =, z'/?, and log;o =-

Using the minimum v:}ue of k and assuming that the first approxi-

3 . are to be obtained using polynomials of degree

% =
mations for = and *

R —————————
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TABLE 5.1
Limits of Sensing Intervals
Interval Theoretical Limits Approximate Limits k
0 1.000 < z < 1.259 1.0 <z < 1.2 0.833
1 1.2569 < z < 1.585 1.2 < x < 1.5 0.800
2 1.585 <z < 1.995 1.6 <z < 2.0 0.750
3 1.995 < z < R2.512 2.0 < z < 2.5 0.800
B 2.512 < z < 3.162 2.5 <z < 3.0 0.833
S5 3.162 < z < 3.981 3.0 <z < 4.0 0.750
6 3.981 <z < 5.012 4.0 <z < 5.0 0.800
7 5.012 < z < 6.310 5.0 <z < 6.0 0.833
8 6.310 < z < 7.943 6.0 < x < 8.0 0.750
9 7.943 < z < 10.000 8.0 < x < 10.0 0.800
two and three, respectively,
reference to Eqs. (7) and TABLE 5.2
(14) shows that -
First Approximation Constants for =
e, = 0.0103 for =,
Interval a -a
e, = 0.0039 for 52 ' .
0 1.825 726 0.829 876
With these values of e_, it 1 1.490 683 | 0.552 105
m 2 1.154 639 0.329 897
DAl o acen fruk Byg. (3) and 3 0.894 410 | 0.198 758
(9) that the number of iter- 4 0.730 290 | 0.132 780
5 0.577 320 0.082 474
ations required for the 6 0.447 205 0.049 689
improvement of the reciprocal ; 3-365 145 | 0.033 195
«288 660 0.020 619
and reciprocal square root 9 0.223 603 0.012 422

is three in both cases. If

either approximating polynomial fopr ' or «~1/2

wvere increased by one
in degree,

ten more constants would have to be stored. Since the added
multiplication required to evaluate fp would not replace an iterative
operation, no gain would be made in speed.

The values of th >
-1/2 € constants required for the computation of =,

» and 1log,, * insofar as the sensing circuit is concerned are
computed from Egqs. (5), (6), (12), (13), ana (17). These values are
listed in Tables 5.2, 5.3, and 5.4. In addition, the numbers 0.5, 1.5
and 2.0 are required by the iteration formulas 1:0 “' and =z’ /e Th;
factors 1.0 and 10”'/? pugt be Provided to correect : " . :
root in the event that an even or odd number ol‘hec

x

reciprocal square
olumns of shift,

—
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TABLE 5.3 respectively, was employed to

bring the argument into the

First Approximation Constants interval 1 < z < 10. Finally,

-1/2 S

for = the function log,, ¥ requires

: that the series coefficients in

Interva * ~Gs Eq. (15) be made available.

0 1.433 410 0.434 967 Sixteen terms of the series
1 1.295 342 0.320 499

2 1.140 234 0.217 933 in Eq. (15) must be retained

3 1.003 367 0.148 954 in order to make the maximum
4 0.906 568 0.110 039

5 0.806 267 0.077 051 error in log,, <« less than

6 0.709 488 0.052 663 5x 10~'¢. However, the twelfth,
7 0.641 041 0.038 905

8 0.570 117 0.027 242 thirteenth, fourteenth, fifteenth

9 0.501 684 0.018 619 and sixteenth terms of the series

may be removed by using Tchebychef
polynomials of order 12,13,...,16, for the interval (-1,1). These are:

7‘2(:.')-:12_3:10,%2‘,8_%6*105“- T | ;
f 8829 - Hoe 91 91 13
;13(3).113_%11 '659_397+ K 3, ’
T 105, 49 0
T.‘.(:)u,vu_;‘tz .7710_ 1058.,1476_ 49 4 2 ,
189 35 15
775(2)-:’5_%13‘%{,«!1__267z§‘r9+2257- ok iy !
165 21 B1 e AME G g
Relz)= 216 4214 o 13,12 _ 11,10 8 6% z pial ;
Using these polynomials, Eq. (15) may be rewritten as
) Jf
1081or=log,oaoao+a,x + ess + Q1158 + R',
TABLE 5.4
Constants Required in the Computation of log;o &
Interval a 1/a log a
9 26851 58225
90909 09090 90909 | 0.0413
? :';g 8 22074 07407 40741 g.;iggg 33223 22282
. ; 14 2857 :

g 1.;2 8'231:i 22:44 34444 | 0.35218 25181 11362

4 §°75 0 36363 63636 36364 | 0.43933 26922 ggggg

5 5 50 | 0.28571 42857 14286 054406 50443 30276

6 4 50 | 0.22222 22222 22222 0.65321 25137 75344

7 s's0 | 0.18181 81818 18182 0.74036 26894 94244

8 2’00 | 0.14285 71428 57143 0.84509 80400 14257

9 o 00 | 0.11111 11111 11111 0.95424

—
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where
as = 0.00000 00000 00001
a, = 0,43429 44819 03244
a, = -0.21714 72409 56402
ay; = 0.14476 48273 12253
a, = -0.10857 36177 52932
as; = 0.08685 88920 14708
ag = -0,07238 29806 84856
a, = 0.06204 27994 03830
ag = -0.05423 35532 60322
a, = 0.04819 56528 39172
@109 = =-0.04572 21594 19618
@, = 0.04177 76646 78944

[R'] < 1.5 x 10-15,

X
To simplify the computation of 10 .

where z is in the range -15 <z < 15, TABLE 5.5
the function is considered in the form,

Constants Required in the

10% = 10-13(10'5+2), Computation of 10°
Then the exponent, 10°9-2 = 1,00000 00000 00000
v . 1097 = 1.25892 54117 94167
+ = . es e
S eane 1092 = 1,58489 31924 61113

109-3 = 1,99526 23149 68880
10°-% = 2.51188 64315 09580
10°-3 = 3,16227 76601 68379
10°-% = 3,98107 17055 34973
10°+7 = 5,01187 23362 72723
1098 = §,30957 34448 01932
10°-9 = 7,94328 23472 42815

is positive for any value of =z. To
compute 10”, the two factors 100.a
and 100-0 2C... are determined, ana
their product shifted m-15 columns.
The digit a may be delivered to the
! register to control the selection
of 10°+2, provided that the ten values,
10%-2, Table 5.5, are stored on one
of the constant channels in the calculator. The factor, 1000 bc... may
be evaluated by the series expansion,

e t2 n
10—1+t+.2..!.+...+;_'_+3’ (19)
where
t =
- loge 10
and
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As the maximum value of z is 0.1, the value of ¢t does not exceed 0.2303
Then twelve terms of the series in Eq. (19) must be retained, makin th(;
remainder less than 6.04 x 10°'7, The tenth, eleventh ,and twilfth
terms of the series may be removed through the use of t;m followi

1 Tehebychef polynomials for the interval (0,1): L

9 9 135
5 kB2 1
oEnae. ~ 1aToTe

B . i 85 25 2275
*,O(Z) x'0 . 529 + 1?“8 - zrx7 + zﬂﬂrxﬁ 1001 s 2145 . 330
- 256" * 2048° - 2048°

4

, 825 o 25 1
itk [ B5596° | B24288’
g (z) = 31 -.‘zlz*o *?{%?xv-%me *%915“7-11%%“6 +11%9§131¢5

4719 ., 4719 3 605 > 121 1
B02° * g55aec - 13T0v2> ' 1048576 T 2097152°

Using these polynomials, Eq. (19) may be rewritten,

10”=ao+alt+'°' +a8t5+R', (20)

vhere

= 1.00000 00000 00000
a, = 0.99999 99999 99970
= 0.50000 00000 03472
= 0.16666 66665 12241
a, = 0.04166 66701 05326
0.00833 32903 70962
= 0.00138 92035 64614
a., = 0,00019 70747 85410
ag = 0.00002 78384 16808

|r'| < 1.04 x 107'°.

Further economies through the use of the polynomial T,(x) lead to
Hence Eq. (20) was adopted, requiring
ients a,, as well as the

£ 10%.

an excessively large remainder.
that the constant storage include the coeffic
values 10°+2 gnd 108 ,, ¢

To evaluate the function

cos * = COS lxl,

for the computation o
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let
|z| = 2nr + 207,

where I is an integer and J a decimal fraction. It follows that

cos |z| = cos 2nv
= -cos (2nJ-m).

Now let
4z = 2nd - 1T,

Then cos z may be calculated by the series,

a? a4 (-1)"82’1
cos 2 =1 = o i gl T - + R, (21)
Since
cos 23 = 2co0s? 3 - 1,
it is evident that
cos z = -cos 4z = 1 - 2co0s? (2z).

As the maximum value of z is n/4, nine terms of the series in Eq. (21)
must be retained, making

|R| < 2.019 x 10-'8,

Of these terms, the eighth and ninth may be removed through the use
of the following Tchebychef polynomials of orders 14 and 16 for the
interval (-1,1):

Vi 77 105 147 49
R (o 12 10 8 49 1
Typ(z) = @' - 5212 + 32210 - S50 * 138°° - 36" * 1055%° - mTOD
I R 13 g ARt 165.8 21 ¢ 21
T,6(x) = = el i -0 Bt - 3pe® ¢ foat - gl
= 1
32768"

Equation (21) may then be written

€oS 8 = ag + ap8% + a2t + ... a;23'2 + &', (22)
where
ag = 1.00000 00000 00000
a, = -0.49999 99999 99993
a, = 0.04166 66666 66472
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= -0.00138 88888 86998
ag = 0.00002 48015 78540
-0.00000 02755 52341

0.00000 00020 63047

[
o
I

@40

@12

|R*| < 4.92 x 10717,

Again, further economies through the use of the Tchebychef polynomial
,,(z) lead to an excessively large remainder. Hence Eq. (22) was
adopted as the basis of the computation of the cosine function. The
constants required for the computation are the values 1/2rr, ﬂ/4, n/2,
and the series coefficients given above.

TABLE 5.6
Sensing Intervals for tan”' z
Interval b arc tan b
0 < |z| <0.40 | 0.21 0.20699 21942 19821
0.40 < |z| < 1.00 | 0.66666 66666 66667 | 0.58800 26035 47568
1.00 < || < 2.40 | 1.5 0.98279 37232 47329
2.40 < |z| < 4.76190 47619 04762 | 1.36380 41325 75076

The function tan-‘ r is computed by using the following relations:

1

tan”' (-z) = -tan’ =
-l -1 -1 v
tan ]_.,_-l = tan b + tan
x| - b
AR T
gt ARSI ST e
SETL) ;D o Mg =gt AT Zn-1

If the range 0 < = < oo 1is divided into four intervals as shown in

Table 5.6. then a value of » and tan_‘ b may be associated with any
. ’

argument z, and the value of v may be computed, where v, < 0.21. The
function tan~' v is computed by the series expansion, in which eleven

-16
terms are required to make the remainder less than 5 x 10 . Four of
these terms may be removed by using the following Tchebychef polynomials,

normalized to the interval (~1,1):

5 15
275 o . 2257 _ 1895 39 3 _
P oGa) m gt B 0 ASLTH AETY C S A o R BTE 1 AT TEIER
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' 7
17,5+11913-221]1+g_g%\r9_5617+35 5

Pro(2) = 217 5 |
17 ’
- 1005%° * FEIE
19 19 665 13 , 1729 11 _ 27179 . 627
SglF) = #1? < gel? sipslt = ere' Y+ aE | < Tom * To"
627 s DL - - SN 19 ’
21 189 119 ;5 735_113 " 9733 _11 7007 ¢
Tetlr) = 2lis Sral 9Nigeral Setal 50 4 e 1024 * 006"

_ 1287 , . 2079

B BEBL e e, B

The series may then be rewritten,
ta.n-' v o= a,w + a,3w3 + ecee + a,3w'3 + R',

where

aq 0.99999 99999 99983

a3 = -0.33333 33333 18890
as; = 0.19999 99964 47985
a; = -0.14285 67570 61678
ag = 0.11108 95377 16742

a;; = -0.09025 92174 25174
0.06680 63477 93420

13
[R*| <5 x 1016,

Thus the constants required for the computation of tan™' =z are the values
of b and tan'l b and the series coefficients. As the intervals associ-
ated with b» do not correspond to those used with the functions x'u
2=1/2, ana logio #, a different technique must be used for sensing the
arc tangent argument. A digit 0, 1, 2, or 3 is computed, for arguments
in the four intervals 0,1,2,3, respectively. Then by storing the values
band tan”' b at number times 0-3 on two constant channels, the { register
may be used to select the proper values of » and tan~' b.

Based on the theory given above, it is possible to code the functional
koutines in various ways, depending on the kind of shecks to bo included
and on whether the time or the number of lines of coding for each function
is to be minimized. However, the functional coding should always include
certain features if the corresponding buttons on the instructional tape
preparation table are to be used to refer to the functional subsequences.

=
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For example, when the order, z, + y, = z,, is indicated on the in-
structional tape preparation table, the following lines of coding are
recorded:

(n) o + 0 = r,
(n+1) 0+ ys=r,
(n+2) XT (n+4) = ry
(n+3) €3000

(n+4) 0 + Pl = 86.

Thus any coding for the division subsequence should assume the dividend
to be in register r, and the divisor in r,. The routine should start
on line 3000, and store the quotient in r,. The line number, n+4, of
the command to which the calculator must refer back, should be delivered
from r, to the line number register. The last command in the routine
should be a call on the line number register. When the calculator
returns to line n+4, the gquotient will be transferred to zg, and the
main course of computation proceeds.

Similarly, when one of
the buttons for the functions
1-1/2' log,, %, 10, cos =z
or tan”' z is selected to Starting Lines for Function Routines

TABLE 5.7

indicate an order f(z,) =V,
the 1ines of coding recorded Function Starting Line
are: quotient 3000
reciprocal square root 3060
(n) 0+z5=rg logarithm 3200
exponential - 3130
(n+1) X7 (n+3) = ry cosine 3264
arc tangent 3340

(n+2) C3==--

(n+3) 0 +r,=Uyq.
The starting line numbers, 3---, for the different functions are listed
in Table 5.7. To avoid destroying previously computed results, it is

advisable to use storage registers on channel » only in the course of

functional computations, and 1o prohibit the use of r registers in

problem coding.
The constants regquired in the f

recorded as indicated in Appendix I.
d 16 so that the computations may be carried out

regardless of the location of the operating

unctional computations have been
They are stored with decimal point

between columns 15 an
at this decimal point,
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decimal point. To
simplify the shifting
operations necessi-

TABLE 5.8

Parameters Used in Function Computations

tated by the two deci-
Number Decimal Point Storage Register

mal point locations,

one between columns 15 15-n 13/12 8,

and 16 and the other 15 (n+1)/n 84
between columns n and 30-n 1/0 8,

n+l, it is convenient 1.4 (n+1)/n 8,

to store in the calcu- 1.0 (n+1)/n s,

lator the parameters 0.5 (n+1)/n 8
listed in Table 5.8. log,, 2 (n+1)/n g

For example, in the

coding given at the

end of this chapter it is assumed that these values have been recorded
in registers on channel s as part of the set-up procedure for each
problem.

The quantity 15-n is used in all the functional computations to de-
termine the shift required to return a functional value, with decimal
point between columns 15 and 16, to the operating decimal point. The
second quantity, 15 at the operating decimal point, is added to an
argument z before the function 10% ig evaluated. The quantity, 30-n, is
also used in exponential computations to obtain the amount of shift,

(15-n) <= (m-15) = 30-n-m,

required to return the value 100.2bc... to the operating decimal point.
The quantities 1.4 and 1.0 at the Operating decimal point are used in
the evaluation of tan™' Zz, to compute the digit, 0, 1, 2, or 3, indi-
cating in which of four intervals = lies. The logarithm subsequence uses

tolerance check on each computed value. If the check fails, the compu-
tation is automatically repeated. The ealculator stops if the check
fails a second time. Division is checked by comparing the dividend with
the product of the divisor and the quotient. The reciprocal square root
is checked by multiplying the Square of the computed value by the original
argument, giving a product which should be equal to 1. The relation,

Logio ® =168, o [2/2 '+ Tog, 58,5 T unea to check the logarithm. This
requires that the logarithm of half the ap

gument be computed and that .
the constant, log,, 2, be stored. The exponential function, 10°, is f

’
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Fig. 5.1-Function sensing circuit.

-2 x -2
checked by computing the value 10"%., The product, 10~ x 10 ™, should
= 1, is used to check

2
then be equal to 1. The relation, gin? x + cos® x =
the cosine. This requires the computation of sin z = cos (/2 - z). The

= =1
arc tangent is checked by means of the relation tan <z + tan 1/z = "/2,

=1
vhich requires the computation of tan~ 1/z.
Since the number of lines of coding reserved for function computations

is limited, operations are interposed where necessary. For example, on
’
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line 3061 in the reciprocal square root subsequence, a normalization is
started. Usually the third line of a normalization is blank to permit
the normalizing control number to enter the i register, but in this case
the line is used to perform an operation required later inthe subsequence,

The sensing circuit provided to aid in the selection of constants for
first approximations to the functions x“, z='/%, and log,, =, 1s showmn
in Fig. 5.1. An argument x must be normalized, that is, shifted left
till the first non-zero digit is in column 16, before delivery to the
circuit. Then the first two digits of z will be in columns 16 and 15,
and may be sensed to determine which of the ten intervals, Table 5.1,
contains =x.

Under control of code C03%*, the fifteenth and sixteenth digits of the
quantity on the ¢ bus will be advanced by record pulses to the trigger
pairs shown in the upper portion of Fig. 5.1. Because of the boundaries
on the intervals, just two trigger pairs are sufficient for the fifteenth
digit, one for the 2* component and one for a combination of the 4 and 2
components. The trigger pairs control gates producing two outputs from
the circuit. One indicates whether the argument lies in intervals 0-4
or 5-9, and the other selects one of the number times 0, 1, 2, 3, or 4.
Then under control of the 5 number-time code, 3%, the sequence circuits
will select a number time corresponding to the interval, 0,1,...,9,
containing the argument =z,

It should be noted that if the number-time gate for a transfer channel
is opened at more than one number time in a cycle, the last quantity

recorded will take precedence over all previous ones. The sensing

circuit makes frequent use of this fact, in order to economize on equip-

ment. For example, a voltage is delivered during 0 number time independent
of the value of x, and if z is in interval 0 or 6, no other number-tise
voltages are delivered. For z in interval 1, 2, 7, 8, or 9, a voltage

is delivered during 1 number time. For = in interval 2, 8, or 9, &

voltage is also delivered during 2 number time, and for x in interval 9,
during 3 number time as well.

REFERENCES

1. Lanczos, C., Trigonometric Interpolation of

Empirical and Analytical Funcuona, Journal Mthensticn end Phyatcs, XVII, pages 123-199 o

or
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DIVISION CODING WITH AUTOMATIC ROLLBACK AND CHECK
Expression Command lﬁio"e 4 op B ¢
Rollback control Xr + |2000| = rg 3000 | 0.20 0 | O 1270 [30 8
Normalize divisor Norm |ro| = Py 3001 | 007 O 0 130 0 |oo o
3002 | 0 15« 0 | 1 1 13% 0 | 15% 0
3003 | 000 0 |0 | 000 0 (00 O
3004 [ 130 0 | 2 | O012* 2% |00 O
3005 | 000 0 |0 000 0 |00 O
3006 | 005 0 [0 | 000 O |30 3
Sensing o = 03% 3007 | 001 O | 1 017 8 |03%0
-8y + NON, = r, 3008 | 331 0 |1 113*0 |30 4
% ry % (-023%) 3009 | 030 3 | 2 302 3%|00 0O
3010 | 000 0 |0 000 0 (00 O
16/15 RO 3011 | 006 0 | O 000 0 (00 O
8y + ap,x » 1st approx. o + 013% = rg 3012 001 0O 1 0.01 3% |30 5
Iteration XT + |3000| = rg 3013 [ 030 0 | 0O 1270 |30 6
-ry X Py 3014 | 330 3 | 2