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The System Design of the IBM Type 701 Computer®

WERNER BUCHHOLZ{, MEMBER, IRE

Summary—In designing any new piece of equipment a choice
has to be made from a number of alternatives. Rather than just
enumerating the features incorporated in the IBM Type 701 Com-
puter, an attempt is made to record the reasons for their choice.
Emphasis is given to the features which are believed to be new.
These include improved arithmetic and logical facilities, as well as
the methods developed for controlling the extensive input and output
equipment directly from the stored program.

INTRODUCTION

LARGE, GENERAL-purpose, electronic digital
computer is probably the most complex equip-
ment made which has to function as one coordi-
nated, centrally controlled machine. Not only the equip-
ment, but also the logic behind it is complex. For such a
complex system to be successful, it is important that
the proposed design first be thoroughly evaluated while
it is only on paper and construction has not been
started. A realistic appraisal of the system design can be
obtained at that stage by writing actual programs for
proposed applications. Weaknesses thus discovered may
be removed and any unnecessary features eliminated. It
is entirely uneconomical to make these improvements
by building, testing, and scrapping several experimental
* Decimal classification: 621.375.2. Original manuscript received
by the Institute, June 25, 1953.

t International Business Machines Corp., Engineering Labora-
tory, Poughkeepsie, N. Y

models of such a large machine, and it has been found
that small pilot models are not very useful because they
do not exhibit many of the important characteristics of
the full-scale machine. Computers with a stored pro-
gram lend themselves readily to experimentation on
paper since the program as written on paper completely
determines the action of the computer. Hence this meth-
od of approach was used in arriving at the best system
for the IBM Electronic Data Processing Machines Type
701 and Associated Equipment, the complete name
given to the large-scale, high-speed electronic computer
installations produced by the International Business
Machines Corporation.

The development of the basic logic of a system as
large as the Type 701 computer becomes a specialized
effort which is distinct from, but must be closely inte-
grated with, the design of the electronic and electro-
mechanical equipment.!—* Engineers familiar with the

11.. D. Stevens, “Engineering organization of input and output
for the IBM 701 electronic data-processing machine,” Proc. Joint
AIEE-IRE-ACM Computer Conference; March, 1953.

2 J. Logue, A. Brennemann, and A. Koelsch, “Engineering expe-
rience in the design and operation of a large-scale electrostatic mem-
ory,” IRE Convention Record; March, 1953.

3 C. E. Frizzell, “Engineering description of the IBM type 701
computer,” Proc. I.LR.E., pp. 1275-1287; this issue.

¢ H. D. Ross, Jr., “The arithmetic element of the IBM type 701
computer,” Proc. I.R.E., pp. 1287-1294; this issue.
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components and mathematicians having experience in
using computers, both contributed at an early stage to
the evaluation of the proposed system. There were
many alternatives to be considered, and an attempt is
made in this paper to set down the reasons for choosing
the features incorporated in the final design. Many of
these choices were interrelated, so that designing the
system took on some of the aspects of solving a giant jig-
saw puzzle. The complex nature of the puzzle may be ob-
scured by the effort made to keep the logic of the com-
puter simple. Rather than single out those features
which are believed to be new, it is intended here to
sresent them in the context of the over-all organization
of the 701 system.

The 701 is a parallel binary computer designed prima-
ily to solve large problems in scientific and engineering
romputation. It is the first such system to be manu-
actured in quantity. The computer is controlled by a
itored program of single-address instructions. It has a
arge internal high-speed memory, large even by pres-
:nt-day standards as set by its immediate predecessors.
Chis storage is further supplemented by the lower-
ipeed, but higher-capacity, magnetic drum storage and
)y magnetic tape. There is a complete set of input-
wutput components in the system, including punched
ards and a line-at-a-time printer, as well as the mag-
letic tapes, all of which are under the direct control of
he computer program. The number of such input-out-
ut devices can be varied to suit the requirements of in-
lividual installations.

The arithmetic speed of the 701 compares well with
hat of other fast computers. In the 701, however, high
peed is combined with high storage capacity and fast
nput and output. On large problems, therefore, where
he internal capacity must be supplemented by external
levices, the 701 can produce results faster than any
ther computer in existence. The 701 was specifically
lesigned to tackle problems which extend beyond the
ange of existing computers. But the versatility of the
aput-output also permits the 701 to be used efficiently
n small problems when they occur in large numbers in
n organization with central computing facilities. -

Providing such extensive input-output facilities ne-
essitated the development of effective techniques for
heir control which are considered to be new. The inter-
al logic of the computer has also been refined, as com-
ared with computers preceding the 701, and a number
f features have been incorporated which greatly sim-
lify its programming.

GENERAL DEsIGN PHILOSOPHY

Throughout the design of the system the philosophy
as been to keep the equipment to a minimum, to make
hat equipment fit a simple logical pattern, and to avoid
pecial-purpose devices. An effort has been made to keep
1e instructions as simple as possible and to avoid ob-
sure restrictions and overlapping between the functions
f different instructions. While the equipment was being
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designed there existed a strict regime of discarding any
frill which would not be of benefit in more than one
type of application.

Avoiding special-purpose equipment not only de-
creased the cost but also increases the reliability. For the
same reason, standard, well-tried components are used
as much as possible, especially for input and output. By
providing high-speed card readers and punches, existing
punched-card equipment becomes available as an auxil-
iary to the computing installation. Standard key-
punches, for instance, can be used to punch and print
on cards for the purpose of introducing new programs
and original data in a convenient, accurate, and read-
able form.

THE INTERNAL SYSTEM
Number System

The internal operation of the 701 is entirely in the
binary system, but the input and output equipment will
handle decimal and alphabetic, as well as binary, data.
Thus the input-output advantages of a decimal machine
are combined with the simplicity and low cost inherent
in a binary computer. The simplicity of binary operation
is particularly evident in multiplication and division. A
further advantage of the binary system is that any
other code system can readily be re-coded in terms of
binary numbers; for instance, punched cards can be read
and analyzed in the 701 regardless of whether they are
punched in decimal, alphabetic, or any other code in-
cluding any form of control punching.’ A decimal-binary
translation is, of course, required at the input and out-
put, but the translation program can overlap with the
operation of the card reader, punch, or printer, so that
the time taken for translation does not normally slow
down the input and output.

In order to achieve the high internal speed needed for
scientific computing, the bits (binary digits) of a num-
ber or word are handled in parallel. “Word” is the term
usually used to include numbers as well as instructions
and other non-numeric information; the maximum num-
ber of bits in a word, including the sign bit if any, is
called the word length. The proper choice of word
length, and hence the number of parallel channels re-
quired in the computer, presents a question which can-
not be answered lightly. If the word length is too short
there will be many applications for which a single word
is not enough to carry all the bits needed to represent a
number. Because of the accumulation of unavoidable
rounding and truncation errors, it may become nec-
essary to carry more bits during a calculation than are
retained for the answers. Hence too short a word length
leads to the necessity of using two or more words for
each number, and simple additions or multiplications
must be replaced by very much more complicated,

5 M. M. Astrahan and N. Rochester, “The logical organization of
the new IBM scientific calculator,” Proc. Assn. for Computing Ma-
chinery; May, 1952.
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space- and time-consuming, “multiple-precision” opera-
tions. As a result much of the high speed and storage
capacity of an otherwise good computer is nullified.

Too great a word length is also bad. The time for
carrying and shifting increases, and thus the speed goes
down. The cost of the arithmetic circuits and registers,
and the cost for a given number of words of storage go
up. Only a few applications will need the full word
length; hence there will be a strong tendency to pack
several numbers into one word so that the cost may be
reduced by keeping the amount of storage to a mini-
mum. Unpacking these numbers requires instructions
and time, and the effective speed and storage capacity
would be cut still further.

Thus with a given set of applications there will be an
optimum word length for which the speed is at a maxi-
mum or the cost is at a minimum. The relation between
the variables is, of course, far from simple, and a com-
promise is needed in any case. For the 701 a survey of
proposed applications was made, and it was found that
the range of word lengths between 10 and 12 decimal
digits would be satisfactory. There exists a broad peak
of efficiency in this range. Below 10 digits there are too
many problems requiring double-precision arithmetic,
and there are not enough problems which could make
effective use of more than 12 digits. Numbers of 10 or
12 decimal digits with sign can be represented in binary
form by a minimum of 35 or 41 bits, respectively, in-
cluding sign. Hence the survey showed that the word
length of the 701 should be in the range of 35 to 41
bits. d ; '

Several other factors then quickly narrowed down the
choice of word length. The single-address type of in-
struction, with the number of operations and the mem-
ory size being considered, required a minimum length
of 18 bits, so that for the most efficient packing of in-
structions in memory the word length should be a mul-
tiple of 18. For engineering reasons the magnetic tape
was to be provided with up to six parallel information
channels; hence words could be recorded on tape most
efficiently if the word length was to be a multiple of 6.
The desire to reduce the bulk and the cost of the com-
puter further prompted a choice near the bottom of the
range of 35 to 41 bits. The final choice of 36 bits fills
all these specifications.

Types of Storage

The 701 has three types of high-speed storage: electro-
static, magnetic drum, and magnetic tape. (Cards are
also a form of storage, but they do not share the high
speed and the possibility of rereading, or erasing and
rewriting, previously recorded information without
manual intervention.) The three storage media comple-
ment each other in their properties. Electrostatic stor-

nmn ia +ha factact and hac the chartact time nf acrece tn
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form of storage when considering the volume and cost
per bit stored. Magnetic tape, though slower, is quite a
fast medium when information can be organized on tape
in the order in which it is to be used. But the time to
gain access to any one item stored on a tape reel at ran-
dom is counted in minutes instead of microseconds. On
the other hand, the volume and the cost of tape storage
are extremely low. Tape and electrostatic storage to-
gether thus take care of the two extreme requirements
of high storage capacity and low access time. Drums
were provided as a third medium to bridge the rather
wide gap between the other two. Drums are useful for
auxiliary programs or tabular data which may be
needed in random order but not so often that a delay
of a few tens of milliseconds would seriously affect the
over-all computing time.

The electrostatic type of working memory was chosen
because it makes practical a combination of high operat-
ing speed and adequate storage capacity. Although it
shares these properties with memory devices of the re-
circulating type which have been used in many com-
puters, electrostatic memory has yet a further advan-
tage. Its short access time permits instructions to be
stored at any location and in any order without affect-
ing speed or performance. Thus there is no need for
elaborate efforts to attain speed and efficiency by opti-
mum programming. The random-access property also
makes it easier to operate input, output, and external
storage devices out of synchronism with the central
computer. Memory can receive or supply information
on only a few microseconds’ notice; yet it can wait in-
definitely if an external unit is not ready. Hence just a
minimum of buffer storage is needed to tie the various
units together. Most of the external units use a single
one-word buffer register, namely, the multiplier-quo-
tient register which is already there for arithmetic pur-
poses. Tape requires an extra 6-bit register, the only
special-purpose buffer storage in the machine.

Electrostatic memory, as used in the 701,23 requires
regeneration at regular intervals since it is a volatile
type of storage. It needs adequate regeneration just as
it needs an adequate supply of power in order to retain
information. This could be done by interrupting opera-
tions and regenerating all of memory in one lump,
whenever necessary. Instead it was decided to regener-
ate memory whenever it is not used for other purposes
and to satisfy the need for further regeneration by at-
taching a number of extra regeneration cycles to each
instruction, the number depending on how hard that
instruction uses memory. In this way it becomes pos-
sible (see Table I, right) to determine exactly how much
time each instruction takes, a necessary step when one
wants to save time by overlapping internal and external
operations, as will be discussed later on. Memory was

designed according to the specification that regeneration
chAanld ha adannata ta avnid anv reatrictinne on how
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TABLE I
List oF 701 INSTRUCTIONS WITH BRIEF EXPLANATIONS
Code | Short Name | Time® Full Name and Explanation’ Code | Short Name | Time Full Name and Explanation
00 Stop — Stop and Transfer 18 Diy 456 Divide
Stop, and prepare to transfer to Divide contents of the accumula-
% (see Tr) when the computer is tor and MQ register, taken as a
started again. unit, by the contents of x. Con-
01 Tr 48 (24) | Transfer tents of ¥ must exceed in magni-
Take the next instruction from tude the accumulator contents.
| half-word address x. The resultant quotient appears in
02 Tr Ov 48(24) Transfer on Overflow the MQ register, and the remain-
Transfer to x only if the overflow der is left in the accumulator.
indicator is on; then reset the 19 Round 48 (24) Round
overflow indicator. Increase the magnitude of the ac-
03 Tr+ 487(24) | Transfer on Plus cumulator contents by one in posi-
Transfer to x only if the accu- tion 35, if there is a one in posi-
mulator sign is plus; the other ac- tion 1 of the MQ register. The
cumulator positions are ignored. MQ register is not changed.
04 Tr 0 487(24) Transfer on Zero 20 L Left 48 (24)® | Long Left Shift
Transfer to x only if the accumu- Shift both the accumulator and
lator contains zero; the accumu- MQ register contents as a unit to
lator sign is ignored. the left by x places (x not greater
05 Sub 60 (36) | Subtract than 255). The accumulator sign
Subtract the contents of x from is set to that of the MQ register.
the accumulator. 21 L Right 48 (24)® | Long Right Shift
06 R Sub 60 (36) | Reset and Subtract Shift both accumulator and MQ
Reset the accumulator to zero be- register contents as a unit to right
fore subtracting. by x places. MQ register sign is
07 Sub Ab 60 (36) | Subtract Absolute Value set to that of the accumulator.
Subtract the absolute value of 22 A Left 48 (24)% | Accumulator Left Shift
the contents of x from the accu- Shift accumulator contents to left
mulator. by x places. Sign is not changed.
08 No Op 48 (24) | No Operation 23 A Right 48 (24)® | Accumulator Right Shift
Do nothing. Shift the accumulator contents to
. 09 Add 60 (36) | Add the right by x places. The sign is
Add the contents of x to the ac- not changed.
cumulator. 24 Read 48 (24)° | Prepare to Read
10 R Add 60 (36) | Reset and Add Prepare to read one unit record
Reset the accumulator to zero be- from the input component speci-
fore adding. fied by x. Start mechanical move-
11 Add Ab 60 (36) | Add Absolute Value ment forward if necessary.
Add the absolute value of the 25 Read B 48 (24)° | Prepare to Read Backward
contents of ¥ to the accumulator. (For tape only.) Same as Read ex-
12 Store 60 (24) | Store . cept tape is moved backward.
Store the accumulator contents 26 Write 48 (24) | Prepare to Wrile
(except the two overflow posi- Prepare to write one unit record
tions) at x, replacing the previous on the output component speci-
contents; the accumulator is left fied by x. Start mechanical move-
unchanged. ment forward, if necessary.
+13 Store A 60 (24) | Store Address 27 Write EF | 48 (24)° | Write End of File
Store the contents of bit positions (For tape only.) Write an end-of-
6 through 17 of the accumulator file gap on the tape unit specified
in place of the rightmost 12 bits by «.
at half-word address x. Note: In- 28 Rewind 48 (24) | Rewind Tape
struction must have - sign part. (For tape only.) Rewind tape unit
-13 Extr 60 (24) | Extract specified by «x to starting point.
Wherever an accumulator bit po- 29 Set Dr 48 (24) | Set Drum Address
sition contains a zero (or +), (For drum only.) Set up x as the
store a zero (or +) in the corre- drum address of the first of a se-
sponding position at memory ad- quence of words to be read or
dress x; leave all other bits in written on the drum specified by
memory unchanged. Note: In- the last preceding Read or Write
struction must have — sign part. instruction.
14 Store MQ | 60 (24) | Store Number from MQ Register 30 Sense 48 (24) | Sense and Skip, or Control
Store the contents of the MQ reg- If x specifies an input, sense input
ister at x. line for a signal; if a signal is pres-
15 Load MQ | 60 (24) | Load MQ Register - ent, skip the next instruction. If
Load the contents of x into the x specifies an output, send out a
MQ register. control signal; do not skip.
16 Mpy 456 Multiply 31 Copy 60 (24)° | Copy and Skip
Multiply the contents of x by the 1. If reading, store one word ar-
contents of the MQ register. The riving from the input at memory
most significant 35 bits of product address x. At the end of a unit
are left in accumulator and the record, skip fwo instructions. At
others in MQ register, in place of the end of a file (i.e. after the last
their previous contents. record is read), skip one instruc-
17 Mpy R 456 Multiply and Round tion. Otherwise do not skip.

The same as Mpy followed by
Round, giving a rounded 35-bit
product.

2. If writing, send one word from
memory, address ¥ to the output;
do not skip.

¢ The normal time is given first. The time in parentheses applies
only if this is one of 12 instructions immediately following Mpy,
Mpy R, or Div.
7 x denotes the address part of an instruction.

8 These are minimum times. Time to shift=12(1-+K) microsec-
onds where K is smallest integer =x/8, provided this exceeds the

minimum of 48 (24) microseconds.

.? These times may increase if input-output synchronization re-
quires a delay.



1266

 While the power is on, regeneration is the normal state
of rest.

Storage Capacity

A high-speed, stored-program computer cannot be
used efficiently unless the number of words available in
the working memory is large enough. The size of the
701 memory was determined from a study of several
proposed applications. The memory had to be able to
accommodate the data and instructions for those sec-
tions of a problem which consume most of the calculat-
ing time.

Memory sizes of 219, 211 and 2!? words were con-
sidered, these numbers being convenient choices for
binary addressing systems. On the basis of experience
obtained prior to 1951, the time of the application study,
it was concluded that 21® words would not be enough,
but that 21! or 2048 words of 36 bits would be an ade-
quate memory size for the sample problems. One reason
for this rather large size, by present standards, was the
policy of replacing control circuits by subprograms, as
will be discussed in later sections. Sufficient memory
space had to be allowed for these subprograms, but the
memory assignment is quite arbitrary and the extra
memory adds considerable flexibility at relatively low
cost when compared with a design of less memory and
more special-purpose control circuits.

The 1951 study also indicated, however, that there
would be little advantage in making the working mem-
ory much larger than indicated above. Once a certain
size is reached, additional high-speed memory does not
contribute much. Big problems which do not fit can then
be split efficiently into smaller sections which do fit. The
sections not in current use are stored on drum or tape,
depending on the frequency with which they must be
called into electrostatic memory. Drums and tape are
successively larger storage reservoirs which back up the
working memory; tape has the further property that it
is an output medium which can be removed for safe-
keeping and used as an input at any later time to rein-
troduce data or instructions into the computer. Because
of the long initial access timés of tape and drum storage,
information should be moved into and out of memory
in large blocks. No attempt has been made to provide
convenient access to individual words of data or instruc-
tions in these auxiliary storages. Before instructions
stored on tape or drums can be executed, an entire pro-
gram or block of instructions must first be placed into
electrostatic memory. The high speed inherent in the
701 would not be effective otherwise.

Because of the choice of 2048 words as the electro-
static memory capacity, drum storage has also been
split into logical blocks of 2048 words. Thus, if desired,
the entire memory could be unloaded into one block of
drum storage. For structural reasons, four such logical
blocks were placed into one physical package of drum
storage. Hence drum storage comes in increments of
8192 words. Tape provides an even larger jump in capac-

PROCEEDINGS OF THE I.R.E.

October

ity. About 115 blocks of the size of memory can be
stored on one reel of tape. Tape drives are built in pairs,
again for engineering reasons. Four tape drives are con-
sidered a standard complement. Four are sufficient for
many applications, and this number of tapes also per-
mits sorting of data by repeated merging. The amount
of tape and drum storage provided can be changed,
however, depending on individual requirements.

Arithmetic and Program Control

The arithmetic elements of the 701 are described else-
where,* and the methods used internally for adding,
subtracting, multiplying, and storing the results will

i
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Fig. 1—Block diagram of information paths.

not be discussed here. The external characteristics of
these operations are apparent from the brief list of in-
structions in Table I. For ease of reference, Fig. 1
shows the information paths of the 701 in schematic
form. The arithmetic system is noteworthy for its sim-
plicity. No more than three registers are needed: the
memory register, the accumulator register, and the
multiplier-quotient register (MQ register). Of these
three, the memory register serves purely internal func-
tions, such as holding the multiplicand during succes-
sive cycles of multiplication so as to avoid repeated ac-
cess to memory. The accumulator and MQ registers are
the only ones which need to concern the programmer
since they participate actively in arithmetic and other
operations. The MQ register also doubles as a buffer reg-
ister for external units, as has been mentioned. The
MQ register thus is the only link between the internal
information paths and the outside world.

The block diagram of Fig. 2 shows the registers re-
quired to execute a program stored in memory. The
instruction counter keeps track of the location of the
next instruction to be executed. Normally it advances
by one step for each instruction. Instructions called
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from memory first go to the memory register already
mentioned. From there the various components of an in-
struction—the sign, the operation part, and the address
part—are switched to the sign register, the operation
register, and the address register. These registers are
used to set up the memory deflection and the appropri-
ate switching paths required for the execution of the in-
structions.? '

Single-Address Instructions

The 701 employs a single-address system of instruc-
tions. Only one address in memory or one external unit
may be specified with one instruction, in addition to
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Fig. 2—Block diagram of program control paths.

the operation which is to be carried out. Thesingle-
address system is the simplest of the various systems
possible, some of which may be more economical in stor-
age space and computer time. These savings were not
considered worth the extra equipment needed with
multiple-address systems.

One instruction is represented by 18 bits which are
made up of the sign bit, 5 bits for the operation part,
and 12 bits for the address part. The 5 bits of the opera-
tion part provide for 25 or 32 different operations. A
33rd operation, Extract, was added by making use of the
sign bit. The 33 operations are listed in TABLE I to-
gether with short explanations. It will be seen from this
table that the abbreviated names, which are recom-
mended for writing out a program, are not just arbitrary
codes surrounded by an aura of mystery. They are de-
rived from, and immediately suggest, the full names of
the operations which, in turn, were carefully chosen to
be meaningful English phrases. These abbreviations
make it much easier for a person to read a program
which he did not write himself. Attention to such detail
has been found most valuable in introducing newcomers
to the computing field.

Full-Word and Half-Word Addressing

Since one instruction is made up of 18 bits, a 36-bit
word can hold two instructions. Thus an important
property of the 701 is that any full word of 36 bits (or

Buchholz: The System Design of the IBM Type 701 Computer

1267

TABLE I1
SUMMARY OF 701 SysTEM CHARACTERISTICS

General:
Parallel operation.
Binary notation internally.
Control by stored program.
Word Size:
Either 36 bits or 18 bits, including sign; approximately equiva-
lent to 10 or 5 decimal digits and sign.
Accumulator has two extra bits for overflow.
Instructions:
Single-address system.
33 distinct operations.
Instructions are 18-bit words.
Computing Speed:
Multiplication or Division: 0.456 millisecond.
Addition or Subtraction: 0.060 millisecond.
Electrostatic Storage:
Capacity—2048 words of 36 bits each.
Each full-word location may store a pair of 18-bit words.
72 tubes, 1024 bits per tube.
Magnetic Drums:
Four drums, each with a capacity of 2048 words of 36 bits each,
in basic system.
Average access time to first word of block—40 millisceonds.
Reading or writing rate—800 words per second.
Magnetic Tapes:
Four magnetic tape units in basic system.
Material: Oxide-coated plastic tape, % inch wide.
Recording in 7 parallel channels, 6 for information and 1 for re-
dundancy checking.
Tape may be written forward, read forward, or read backward
under program control.
Density within a unit record: 200 words per foot.
Distance between unit records—1 inch.
Maximum tape length on reel—1400 ft.
Access time to start of unit record—approx. 10 milliseconds.
Reading or writing rate within unit record—1250 words per
second.
Page Printer:
Rate—150 lines per minute.
Prints numeric, alphabetic, and special characters.
Prints at full speed in decimal form using simultaneous conver-
sion program.
Prints 72 characters in any of 120 character positions on one line,
more at reduced speed.
Automatic line spacing or skipping, under control of stored pro-

gram.
Card Reader and Card Punch:
Reads or punches any 72 of the 80 card columns.
Reading rate—150 cards per minute.
Punching rate—100 cards per minute.
Reads or punches cards in standard IBM decimal code at full
speed using simultaneous conversion program.
Reads or punches cards in binary form at full speed with 24
words of 36 bits each to a card.

35 numeric bits and sign) can be split into two half
words of 18 bits (or 17 numeric bits and sign), each half
word being separately addressable. This greatly simpli-
fies programs which must modify instructions and dou-
bles the memory capacity for storing data which do not
require more than 18 bits, the equivalent of about 5
decimal digits and a sign. The capacity of electrostatic
memory is thus 2048 full words or 4096 half words, or
an intermediate number if they are mixed.

Full and half words are addressable independently in
a manner which puts the assignment of specific areas in
memory to either size of word entirely under the control
of the programmer. Addresses are designated by 12-bit
binary numbers and a sign. This allows for 2!* or 4096
different addresses, and each of the 4096 half words has
its own address. Full words are designated by even ad-
dresses only. For those instructions which can refer to
either full or half words, the sign part is used to indicate
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whether the address part specifies a full word (minus)
or a half word ( plus). For example, a full word of 36 bits
(S, 1, 2,3,...35 may have the address —1962. If the
same 36 bits were used to store two half words, their
addresses would be +1962 for the left 18 bits (S, 1, 2,
...17) and +1963 for the right 18 bits (18, 19, 20,
. .. 35). Bit 18 of the full word becomes the sign bit (S)
of half word 41963, bit 19 becomes bit 1, and so on.

With this system there is no doubt as to whether a
given space in memory has already been assigned, be-
cause the numbers designating the addresses of full
words and of the corresponding half words are alike, ex-
cept for the sign and the even-odd part of the units
digit. Another advantage of this addressing system is
that the locations in memory of successive instructions,
each of which occupies a half word, are numbered con-
secutively. It is also possible to transfer control directly
to any instruction, regardless of which position in a full
word it occupies. '

The distinction between full and half words is made
solely in electrostatic memory. Only full words, which
may, of course, represent pairs of half words or instruc-
tions, are transmitted to and from input-output devices
or stored on the drums. When a half word is entered
from memory into the computer it is treated as a full
word, of which the left 18 bits (including sign) are the
specified half word and the right 18 bits are zeros. This
is so regardless of whether the half-word address was
even or odd. Similarly, on storing numbers from the ac-
cumulator or MQ register, the contents of the left half
(bits S, 1, 2,...17) can be stored at any half-word
address in memory.

The rather arbitrary choice of moving the half word
to the left end of the computer registers was intended to
make the multiplication of full words and half words
consistent with each other. The computer arithmetic
acts as if all numbers were fractions with the binary
point immediately to the left of the leftmost bit (bit 1).
Because of the shifting facilities there is no difficulty,
however, in handling numbers with the binary point in
different positions.

Absolute-Value Representation

Positive or negative binary numbers are always stored
as absolute values with a separate bit indicating the
sign. Although the complement of a number may ap-
pear in the accumulator during a subtraction, the num-
ber will be re-complemented immediately to restore the
answer to the absolute-value form at the end of the
operation. The reason for insisting on an absplute-value
representation of negative numbers in the 701 does not
become evident until one goes beyond.simple addition
and subtraction to such processes as multiplication, divi-
sion, shifting, and overflow control. It is then seen that
permitting complements to appear in the accumulator
at the end of an operation—or, worse yet, in memory—
results in a long chain of complications whenever nega-
tive numbers are involved. Having, negative numbers
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represented in absolute-value form is a feature well
worth the extra re-complementing step which must be
provided internally for addition and subtraction.

A property of complement systems is that two num-
bers having the same absolute value but opposite signs
are represented by two different arrays of numeric bits.
They differ, in the complement system commonly used
for parallel binary machines, by having ones and zeros
interchanged. This duality is objectionable when doing
non-arithmetic operations. The absolute-value system
of the 701 provides the same numeric representation for
numbers of opposite signs. On the other hand, there is a
possibility in the 701 of the number zeyo having either
a plus or a minus sign. An effort was made in the early
stages of design to avoid a schizophrenic zero by incor-
porating “watch-dog” circuits which would force all zero
results to have a plus sign. None of the schemes, how-
ever, were entirely consistent and they only led to a con-
fusion of rules and exceptions. It was finally decided to
permit either sign.

The difficulty, if any exists, is really one of logic and
is not one introduced by the machine designer. In com-
mon usage, zero means “nothing,” and there is no mean-
ing to a sign of zero. In computer language, however,
a zero must be represented by some configuration of
bits including the sign bit which does not have, in addi-
tion to + and —, a third state of “no sign.” The ordi-
nary rules of arithmetic give no clue as to the choice be-
tween the two signs, and the only sensible thing to do is
to establish an additional rule for the sign which the
machine will attach to a zero result. The 701 has a
“sticky sign” rule for addition or subtraction: When the
result in the accumulator is zero, the sign previously in
the accumulator sticks to that result. For multiplication
and division the rule to be used is obvious; for example,
(+0)(—1)=—0.

Actually, in the language of the machine, 4+-0 and —0
are two different configurations of bits, and if —0 were
arbitrarily suppressed by a special circuit the machine
would be blind to one of the 2% configurations of 36 bits.
This would be a serious drawback in attempting to per-
form logical operations on non-numeric information.
The machine would be unable to recognize, for example,
the existence of a hole.in only the sign column of a
decimally punched card if that was the only hole in that
row of the card.!

Multiplication and Division

.. For scientific.computation the most important char-
Aacteristic of the 701 is the high speed at which it multi-
‘plies or divides full words. If one adds together the time
taken to obtain and execute a Multiply or Multiply and
Round or Divide instruction, one obtains a total of 456 |
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