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PREFACE

The objective of this thesis is to describe the
logical design of a general purpose digital computer pre-
senting the arguments underlying the final choices of oper~
ation and componenta. The scope of the thesis 1s limited to
the logical design, including the requirements of all opere
ational components. It 1s worthy of note that a compara-
tively large freedom of physical design exists, satisfying
the logiecal requirements which are imposede

The appendices will include sufficient background
material on existing computing machines and components, so
that a reasonably careful comparative evaluation may be
made from the materlal presented,

The sources of material for this discussion are
very limited and, in many cases, are ratner nebulous. In
most cases the sources have furnished a background which
facilitated the formulation of the overall views presentede
Although portions of the thesls may appear to present mater
ial without due credit, in most cases the formulation is
entirely independent, and if duplication occurs, it is withe
out the knowledge of the authors

In particular, the author wishes to acknowledge
three sources of informative assistance: The Aberdeen
Proving Ground, Maryland, for the opportunity of studying
the coding aystem for the EDVAC, thus learning a great deal

about generaliged logical systems of computing machlnes;

i1,



Englineering Research Assoclates, Saint Paul, Minnesota, for
their assistance in evaluation of the computer and for suge
gestions for simplification of the controlled delay units
in the arithmetic components; Charles H. Davidson, Univere
sity of Wisconaln, for detalled checking of the logical
operation, a number of helpful criticisms and suggestions.

At present work is being done on design and
testing of physicel components of thls machine, and arrange-
ments have been made to build it at the University of Wiscone»
sin. Because of its inherent integral synchronization, the
machine has been named the WISC, Wisconsin Integrally
Synchronized Computere

111



I. SOLUTION OF PROBLEMS ON A DIGITAL COMPUTER#

l. Introduction

Perhaps the simplest and most profitable approach
to the understanding and designing of any physical device
is a thorough study of the operations the device may be
called upon to performe. In the case of a digital computer
this entalls a study of computation. This chapter will sur=-
vey the steps involved in most eomputation and will empha=-
alze in particular the aspects of routines which may be
i1terative in any one part of the computation or which may
recur in several different parts of the computation. Very
few detalled examples will be employed, but it 1s hoped that
the generality of the discussion will make evident the genwe
erality of the concepts involved.

The initial step in carrying out any computation
is the planning of some procedure which leads to the dee
sired result. The initial procedure will in general contain:
(1) organization and reduction of initial data into a read~
ily usable form; (2) arrangement of a ssequence of operae
tional steps such that data required to perform a particular
operational step are available in the fbrm of initlial data
or as the results of previous steps, these steps leading,
in general, to some point of discrimination end/or iteration;

(3) repetition of the previous procedure with different

# The original source of this materlal is reference 6,




initlal data to provide a table of results or to provide
some means of controlling changes of initial data to ap=
proach results possessing desired properties, such as
boundary conditlions. v

The next step in the computational procedure is
to make a further breakdown of the initlal plan. In generw-
al, this will leave a series of elementary operations to be
carried out, such as additlon, subtraction, multiplication,
division, searching tebles of functions, or comparison of
results at any polnt to determine convergence., The less
elementary operations such as extraction of square roots,
integration, or generation of simple functions may, of
course, also be reduced to the same set of elementary oper=
ationa. It 1s of Interest to note at this point that the
reduction of these less elementary operations into the ele-
mentary ones involves the same three major steps that the
initlal procedure for the overall solution involved., This
simple, but very general, loglcal scheme of computation may
easily be dlagrammatically formulated, and, with the intro-
duction of a very limited terminology, the complete breask=
down of a computation may be easily deseribed or carried
out.

Before golng into greater detall on the breakdown
of computation, 1t 1s advisable to give a very simplified
description of a computing machine, A digital computer in
general consists of five major components (see Figure 1l):

(1) an INPUT device which supplies information (orders and




numbers) to the computing machine; (2) a MEMORY system
which stores information until the deslired time and presents
the information to the desired place upon instruction;
(3) an ARITHMETIC component which performs the desired
operations on numbers upon instruction; (4) a CONTROL unit
whieh interprets orders and supplies corresponding instruce
tions to all other units, the orders being supplied by the
MEMORY or INPUT or both and under the control of the CONTROL
unit itself; and (5) an OUTPUT device which prints or
punches the results of a computation.

Numbers and orders are filed in the MEMORY by
"location", that 1s, to obtain a "word" (order or number)
from the MEMORY, one must specify the apatial (and in aome

cases temporal) position of this word in the memory mediume

20 Flow of Caleulation

This section contains the dlagrammatic formulation
of the cecalculational procedure as it is c¢arried out in a
computing machine or in hand computation.

Figure (2) shows the general scheme, which may rep=
resent the whole computational scneme and 1s then called a
"sequence”, or which may represent an individual complex
operation and is then called a "subsequence", This diagram
is composed of "bloeks of orders" stored in the memory sys=
tem of the computer, each block performing a particular

function, and these blocks belng appropriately interconw

nected; such a diagram is called a "flow dilagrem™, This
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dlagram represents the flow of calculation and should not be

confused with flow of information.

8¢ Setup Bloek

This flow dlagram of a sequence, or subsequence,
begins just after the point (X ), where block number (I) is
reached., The first bloek is a "setup block™ in which the
reduction of lnitial data and preparation of the following
block for the first calculation 1s carried out. In many
subsequences thls setup block provides the means of oOb=
taining an initial epproximation of suffiecient accuraecy to
reduce materially the number of iterations required to con=
verge to the correct results; for instance in a square root
subsequence the determination of the position of the decimal
point would be of great assistance. Also, in numerical
integration of a differentlial equation, the process of point
by point prediction and correction is handled in a different
fashion at the beginning point, or points, than it 1is
throughout the rest of the range of integration. In such
cases the setup block would contain the initial calculation

procedures

be Operation Block

The second bloek (II) is ealled an "operation

block". In this block the main body of the caleculation is

carried oute In an iterative process this bloek performs
the complete set of operations required to obtain the n+lst

approximation from the nth approximation, or to prediet the
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value of a function at the n+lst point from the known values
at the previous points. In this operation block the calcu=~
lational process may be sent through a number of subse=
quences in order to carry out any non-elementary operations
which may be required, such as the extractlion of a square
root.

An example of the programming of a simple problem

1s given in Appendix I.

Ce Alternative Block

Bloek (III) performs a comparison and is called
an "alternative bdlock". The comparisoﬁ may be between the
new approximation and the previous one, to see it the cone
vergence is sufficient. Thne difference between two epproxe
Imations 1s in general required to be smaller than some
previdﬁsly as3signed number £ ¢ The comparison may be made
upon index as well, that is, 1f a fixed number of steps is
required, the number of times that the calculation has proe=
ceaded through the operation block can be recorded and come=
pared with the stlpulated number of stepse. As the name
"alternative™ implies, there 1s a cholice, a cholce of re-
‘turning and goling through the iterative process once more,

or of going on to the next stage of the computation,

de Substitution Block
If the aslternative block sends the caleculation
through the iterative process once more, the next block

reached is the "substitution dloek" (IV)e, This substitution



bloek 1s essentially a restricted version of the "setup
block™, in that it prepares the operation block‘for the
n+lat operatlion by changing index and indexed numbers in
the required places, Just as the setup block prepared it

for the first operation. The use of indices, and the nec=
esslty of changing them, 18 to be found in the approximation
of a function by the leading terms in its polynomial expane
sion; in this case each trip through the operation block
computes another term in the polynomial by means of the
term's index and adds it to the previous sum of terms,

The substitution block must also re-file informa-
tion whiech depends upon the indexs This can readily be
demonstrated in examples where computing the nth value re«
quires use of the previous value (n=lst), thus computing
the n+lst vélue requires the use of the nthe Since numbers
are gpecified by storage location, the nth value must be
substituted for the n~lst in order to carry out the compue=
tation.

7 This 18 a falrly complete description of the sube
stitution bloek and, as well, extends the knowledge of ine
ternal requirements of the setup blocke The substitution
block closes the "loop" and makes the iterative caiculation

progressive,

6o Completion Blook
If the alternative block sends the caleulational

process on to the next stage, the last of the blocks (v) 1is
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reached. This 1s the "completion block” and its function
is the disposition of the result, or results, of the se=
quence just outlined, The disposition of results may ine
volve having a table of results printed out, 1f the loop
preceding this completion block was the main computation
loops It may similerly involve filing the results into
sequential atorage locations for later printing or for use
in some other part of the computation if this sequence (in
this case, subsequence) 1is but a portion of the maln come
putation. After completion of the operations in this

block, the calculation proceeds to the next stage, denoted

by (,5 Jo

fo Remote Connectors

(o) and (/) are called "remote connectors”.
Their function, although perhaps not so easily visualized
in some of thelr forms, 1s to connect the subsequence into
the main computational sequence at any and all desired
points, In some computers (o) and (A) will be physical
connections, but in many of the newer ones (A ) will repre~
sent the location of the first order in thls subsequence and
(ff) will be the location of the first of a group of orders
to be carried out after the completion of the subsequencee
An exsmple of this might be a sequence composed of N orders
stored in locations Ay, Ap e.o 5/;1, %5, see Ayo The come

puting machine carries out these orders until 1t reaches the

order in location %/_1; at this point the calculation has




progressed to the point where a subsequence is to be used,
8.8+ 8 square root, so the order in location %ﬁbl contalns
the information that the machine 1is not to carry out the
order in %5 next, but is to carry out the order in location
C1(C3Z A), which 1s the first order in the square root sube
sequence (01, Cgs s Cy)e Since the computing machine folw
lows a sequence of orders with no "memory"™ of its previous
history, some means must be provided for putting the infore=
maiion into the order in location Cy (the end of the square
root sequence) that the following order to be carried out
is in the location %ﬂ(APi'g)' thus permitting the original
caloculation to be carried out. The order which puts this
informatlon into Cy must be read prior to ﬁg;l. There 1s
one addltional complication, and this 1s that the location
of the number whose square root is desired must be made
available to the square root sequence, for, as presented so
far, this number is available to only the A sequence,

The foregoing material has presented the flow of
caleulation as it 1s carried out by a human or mechaniecal
computer. The system presented is obviously very flexible,
and the ease with which this flow can be directed determines
the flexibllity of a computing machine, In a number of
machines, such as the ENIAC as originally plenned and built
and in most of the I.B.M. computers, the flow was directed
by means of physlcal connections, and the change of problems

required rewiring the connections between computer elements.

In most later machines the means of supplying orders to the
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machines have been of such a nature that the need for physi-
cal interconnections of the former type 1s eliminated., 'This
method of supplying orders consists of having a numerical
code which stipulates the desired operation, and storing
these numbers in some sort of memory medium. The machine
proceeds to "read" these numbers stored in its memory and
carries out thelr instructions. Since the memory is not
destroyed by reading, and since the machine has access to
all parts of this memory, it is possible for the machine to
follow the same set of orders over and over again, pro=

viding iteration without having to supply a new set of ore
ders for each repetition. With this system of order supply,

the flexibility of a computing machine i1s governed mainly
by the nature of the orders it is capable of carrying oute
The other limitations are the speed with which the machine
can carry out a computation, the available memory space,

the accuracy with which the individual computations may be
carried out, and freedom from mechanical feilure. There is
one other point to be consldered, however, and this is the
ease of preparing a problem for solution within the mechine;
this point will be considered in greater detail in a number
of places in the following chapters.

3¢ Flow of Information
So far this chapter has been concerned with the

flow of calculation, while the flow of information has not

been considered to any apprecisble extent. In order to
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investigate the flow of information, some study of the forms
in which information 1s utilized is indicated. Information
with regard to numbers alone exists in two forms: (1) the
slze of the number, and (2) location of the number in the
memory mediume Once the location of the number is known,
the rest of the information 1s available upon reading the
number at thls location. Information with regard to orders
is much the same, although it wlil become necessary to ex-
pand upon the information that may be stored in a numeri=
cally coded order., Most orders generally consist of re-
quiring a particular operation to be performed upon a number
(numbers) stored in a specified storage location (locations).
The requirements of the flow of information of this type can
be satisfied in either of two ways: (1) placing the de-
sired number into the stipulated storage location prior to
its use, or (2) controlling the storage location specified,
in such a manner that it is at all times the proper one.
Both of these methods of information flow control are used
in most of the computing machines, and the choliece between
the two is generally determined by the number of operations
required to carry them ous. An example of this can be found
in the square root subsequence; in this subsequence several
different operations are performed upon the number (y) whose
square root 1s desired, and it is simpler to move (y) into
a storage locatlion whiech can remain assigned to the square

root sequence than it i1s to change all of the locations

specified in the various orders.
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There 1s one more type of information flow to be
conaldered here, and that i1s the flow of control informa-
tion, 1.e., the correct sequence of orders. In the examples,
the subsequences have terminated in a remote connector (/5),
where (/9) 13 the storage location of the order following
the order which shunted the calculational process into the
subsequence. Since this subsequence should be available to
other parts of the computation, the location (/f) will Aif-
fer depending upon which part of the computation required
the subsequence at this time; hence (/f) will have to be
provided before entering the subsequence in order to guar=
entee proper refntry into the computation. This type of
information flow control is similar to the second numerical

type, 1.e., proper control of the storage location specified,

4, Order System

The remainder of this chapter will be concerned
with the properties of a system of orders capable of car=
rying out this generalized computational scheme., The system
of orders described will be those which are to be employed
in the computing machine presented in later chapters, but a
few references will be made to systems which are in use in
other machines. In particular, mention should be made of
the possaibility of breaking these orders into much morse
elementary operations which can be combined to correspond to

those described below; this 1s done in a large number of the

new machines and 1ts merit depends upon the machine design.
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ae The Arithmetic Orders
The first set of orders to be desacribed are the
arithmetlie orders: Addition, Subtraction, Multiplication
and Division. Eaeh of these four orders supply four items
of information: (1,2) the storage locations of the two
operands, (3) the specified operation, and (4) the storage

location in whien the result is to be stored.

be The Information Flow Crder

The order controlling the internal flow of infore
mation 1s described next; this is the "Extract" order. The
Extract order has the property of being able to extract any
part of a word in one storage location and any part of a
word in another location, combine these two parts to form a
new word whieh is to be stored in a third storage location.
It 18 also important to mention that the information in the
two original storage locations 1s not affected by this pro-
cedure and that the previous information in the third store
age location is completely annlhilated and replaced, This
extract order 1s, then, obviously capable of transferring a
number into any desired storage location or to substitute
new storage locatlon specifications into other orders, In
sddition to satisfying these requlrements of informatlion
flow, the extract order 1s capable of performing far more
exotic operations such as providing one number with the

algebrale sign of another, removing a specified group of

digits from a number for separate arlthmetical operations,
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@.g., arithmetical operations to be performed on exponents,
and a host of other possibilities,

The Extract order supplies seven items of informa=
tion: (1,2) the storage locations of two operands, (3) the
statement that this 1s an Extract order, (4) the position
of the first of the group of digits in the first operand
which are not to be used in making the new word, (5) the
number of digits which are not to be used, (8) the first of
the group of digits in the second operand which will be used
instead, and (7) the storage location in which this newly

formed word will be storede.

ce Flow of Calculation Order

There are two orders controlling the flow of cale
culation: Transfer and Comparison. These two orders cone
trol which chaln of orders will be carrled out in the
immediate futurees In the EDVAC the Transfer order occurs
a8 a part of every order, that 1s, every order stipulates
the location of the order that is to follow., In many mae
chines, and in particular in the machine proposed in this
thesis, orders are read from sequential storsge locatlions.
Since it is desirable to make & single subsequence avallable
to all parts of the maln computational sequence where needed,
some means must be avallable to tranafer from the sequence
to a subsequence and back agaln, the Transfer order will gen-

erally be used to earry out these operations. In an itera=

tive process it is also desirable to be sble to use the same
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set of orders over and over agaln until completed, asome
means must also be provided for this, with the additional
provision that this order has contalned within itself the
abllity to determine the necesslity of relteration, such

an order is the Comparison order (sometimes called a Condie
tional Transfer order).

The Transfer order contains two items of informa=
tion: (1) the statement that this is a Tranafer order, and
(2) the storage locatlion in which the followlng order 1s to
be found,

The Compariaon order is a combination of the Sube
traction and Transfer orders, and contains four items of
information: (1,2) the storage locations of two operands,
(3) the atatement that this 1s a Comparison order (subtrace
tion speciried), and (4) the storage location in which the
following order is to be found 1f the result of the subtrac=
tion 1a zero or negatives. Since this machine reads orders
from sequential storage locations, a positive result exerts
no control and the machine continues reading orders in the

original sequence.

de The Communication Orders

The orders that allow communication between the
machine and the exterlor world are the "Read=-in" and "Readw
out" orders. These orders can be made very general, ale
though in the machine proposed, the present plans are, at

least for tne initial construetion, to restrict them to a
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minimum. They can, however, be expanded without alteration
of the orlginal construction to take on a broader scope.
The general formulations, and then the restricted versions
will be presented.

The Read«in order can stipulate: (1) resd in
from a particular source of information (several choices)
{2) beginning from a stipulated position in this source and
storing thls information sequentially into storage locations
‘beginning with (3) the first storage location specified and
continue filling up to (4) the final designated storage lo=
cation, and (5) the location of the order whieh follows the
Read-in ordere

The initial plans for the proposed machine are to
have a single input mechenism and to arrange material withe
in 1t so that the desired information 1s supplied in the
proper sequence.

The Read=out order has the same general and ree

stricted formulation as does the Reade=in ordere

eo Halt Computation Order

The final order required to complete the order syas=-
tem 18 the Halt order. This stops the operation of the
mechines This order has two uses in general, to stop the
machine after the computation has been completed, or to stop
the machine at any desired point in the computation in order
to study the results avallable to check on the calculation

or to make declslons on computational procedurese
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A total of ten orders has permitted the computing

machine to carry out the general computational scheme formue
lated earlier in this cnapter. They provide for the arithe=
metiec operations, the control of the flow of information,
the control of the flow of calculation (ineluding the deter=
mination of the necessity of relteration), communication
between the computing machine and the exterior world, and

ablility to halt the computation at any desired point.

fe 8torage of Orders

Up to this point 1t has been implicitly assumed
that some sort of memory system for storing words (orders
énd/or numbers) has been incorporated, and that the desired
word may be obtained by speclfying 1ts locatlion within the
memory system, No mention has been made of requiring sepa~
rate memory systems for orders and numbers, and, indeed,
separate memory systems are not required. It 1is common
practice to store numbers and orders interchangeably through=
out the memory aystem, not even reserving some section of
the memory for orders and the rest for numbers, except that
sequences of orders must be placed in sequential storage loe
eations. The advantage of this system of storing "words"®
is found in the maximum utiiization of storage capaclty, for
1f a sequence of orders have been used and are no longer rew
quired, this space may be used for the storage of intere
medlate results, new data or new orders, whichever is most

desirables



bl
Perhaps the first reaction to the intermingling
of numbers and orders 1s to ralse the question: how can the
machine tell the dlfference betwsen a number and an order?
The answer 1s: 1t cannot and does not need to, for in pro=
gramming & problem the mechlne 1s furnished a connected cal~
eulational path and the "order reader™ reads only the words
which form the steps of thls path, thus coming into contact

with orders aloneo
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II. THE PROPOSED LOGICAL DESIGN

1, Introduction

The objective in the design of this computing
machine 1s simplicity, simplicity of construction end of
problem preparation. In achieving this objective tne ree
quirements of reasonably nigh speed of operation and gen=
eral applicablility must necessarily be satisfied, if an
Instrument of considerable utility 1s to result.

In achieving general applicability and simplicity
of problem programming, great care was exerclsed in choosing
a set of orders which had extreme flexibility and yet were
very few in number with esslly and well defined funectional
properties. The set of orders chosen is dependent upon tne
design of the machine itself, in particular, it is dependent
upon whether the arithmetic unit 1s selfeprogrammed or note
The chosen set of orders described in the first chapter sre
for a self-programmed arithmetic unit and are, consequently,
a much simpler set than would have otherwise been required.

In the formulation of this logieal design, two
types of interrelations must be considered: (1) the intere
relation of simplicity of construction and simplieity of
problem programming, i.e., a reduction of complexity of the
machine snould not shift a corresponding burden upon the
programmers; and (2) the interrelation between operating
components making up the machine. These two will be conw

sidered in greater detall in the arguments to follow.
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The eriteria to be satisfied by the design are:

a minimum of parts are to be used and all component's capa«
bllities are to be fully exploiteds The arguments leading
to the chosen design will not be presented in detail, but
sufficient information to indlcate the line of reasoning
will be included.

Parallel operations on numbers in a machine which
uses 8 cyclic memory is wasteful of arltbmetic equipment,
for the average time required for locating numbers in the
memory system is long compared to the time required for perw
forﬁing the arithmetic operations.®* This does not allow ef=
fleclent utilization of the arithmetic unit's cepabilities,

Similarly, use of a static or rapid cycle memory
in a machine which performs serial operations is wasteful
of memory equipment, for the memory supplies numbers more
rapidly than they are treated, Use of a longer cycle memory
would offer a conslderable increase in memory capacity with~
out appreciably affecting the total operation time.

It 1s evident that to attain a reasonable balance
in operating times, two designs are possidbles (1) parallel
operation with a static memory system or (2) serisl operae
tion with a cyclic memory in which the time required for
the arithmetic operations is approximately equal to the

memory cycle time,

# Refer to Appendix III for the properties of the components
which provide for these operationss
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In order to utilize a minimum of parts, the chosen |
design will be the second, for both the serial arithmetic
unit and the cyeclic memory system require a considerably
smaller smount of equipment than do the others. However,
this combinetion is much slower than the first, and repree
sents an intermediate speed rather than a high speed com=
puters It should be pointed out that the actual speed of
the proposed machine 1s dependent on the memory medium
utilized, and that thekuse of a memory medium of the same
nature as that employed in several "high speed" computers

will yield approximately equal operating speeds.

2. The Magnetle Drum

In order to expand upon the logical design, and
to go Into the detalls of the requirements of the associated
components, 1t 1s advisable to choose a physical model which
can be described with relative ease. The actual model to
be chosen will be the magnetie drum; however, 1t should be
borne in mind that the magnetic drum is but a vehlcle for
exposltion, snd that the context and dlagrams may be readily
translated into any éyclic memory system.

The magnetic drum itself is perhaps a sufficiently
new device that some explanation of its operation should be
included. Physically, 1t consists of a ¢ylindrical drum
whieh is rotated sbout its axis. Mounted on a fixed framee
work about the drum ere reading and writing heads, each

head reads and/or writes onto a peripheral track sbout the
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drum as i1t turns bye A large amount of information may be
stored in any peripheral track and a large number of such
tracks may be spaced along the length of the drum,

The surface of this cylindrical drum is sprayed
with a thin coating of magnetie iron oxide, which can rew
cord a. pulse of magnetic polarization in either of two
opposing directions. 1In practice, the entire surface is
magnetlzed uniformly in one direction to provide a "zero"
background, and the presence of a "one" 1s indicated by a
small region of opposite polerity. A reeding snd/or writing
head consists of a magnetic core with one or more windings
having an air gap mounted in very close proximity to the
surface of the drum (sees Figure 5), To write a number, a
pulse of current is sent through a winding at the desired
instant, producing a momentary high magnetizing force at
the air gap, and hence magnetizing a tiny region of the
surface. This region is called a cells. These pulses are
in one direction for a "one"; the opposite for & "zero®,
Since the momentary magnetizing forces are sufficiently
high to override the previous condition of the cell area,
it is never necessary to erase as such, for the action of
writing a new number automatically replaces any old informse
tion with the new, In reading, the sequence of cells (or
digits) passing the air gap induces voltage pulses in the
windings, which are amplified, shaped and supplied to the

other components of the computing machine,
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s The Use of the Drum

In the proposed computing machine the drum is
divided longitudinally into four sections: (1) timing
tracks, (2) standard memory, (3) short memory, and (4) arithe
metic tracks (aoo Pigure 4).

In the timing section several (four, as will be
shown) tracks are used to provide timing pulses for synchro=
rization of the operating circuits.

The standard memory section corresponds to the
memory system of the general computing machine described in
Chapter I and Appendix III, and will be used to store words
(numbers and/or orders) for the computing machine, The
standard memory consists of a number of parallel tracks
around the drume. In each track several words can be stored,
these words are stored in serial form, for the arithmetiec
unit is of the serial type and must recelive numbers in this
form. A given word stored in this memory will pass one of
the reading heads at a certain time during each cycle of the
drum so the word may be "read" by specifying which track
this word 1s in and at which angular position about the
drum.

A rather unique feature is obtained by wiring s
palr of these reading and writing heads in a feedback cir=
cuit (see Figure 4)es If the reading head furnishes its
information to the writing head which leads 1t by an angle

€, Information once supplied to the palr will be repeated
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over and over with a period @/27 times the period of the
drum. Such a ecircult is called a "recirculator®, This re-
eireculator becomes In effect a ghort memory where a limited
amount of Iinformation may be stored to be continuously avail=
able, The actual function of the short memory will be to
store numbers between the standard memory and the arithmetiec
unit, for 1f a number 1s read out of the standard memory bee
fore the arithmetic unit can accept it, this number must be
recirculated until it 1is accepted; A consequence of this
function of short memory is, that the angle @ between reading
and writing heads should be equal to the angle subtended by
a word in standard memory, so that a recirculating word will
always be iIn phase with the word positions in standard memw
orye (The requirement of a short memory is unique to the
proposed computing machine.)

The arithmetle section of the drum will also cone
slst of recireculators, these recirculators will be used for
storage of the operands and the partial results during the
arithmetic operation, providing a relatively inexpensive
storage medium for this purpose. The rest of the logical
design must be known before the requirements of this arithe
metic sectlon can be described satisfactorily.

In operation, the computing machine will go through
four basic steps: (1) locate the deslired order in standard
memory and interpret this order, (2) locate the two operands

in standard memory which are called for in this order, (3)
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perform the specified operation on these two operands, and
(4) file the result of this operation into the stipulated
storage location in standard memory. It should be noted
that three words are located and read from standard memory

and that one word is being written back into ite

4. First Design Feature

Steps 1, 2 and 4 of the above operation may re=
quire one full revolution of the drum, for the word can be
obtained only when the spee¢ified location in standard mem=
ory is passing the reading and writing heads,

The first design feature will be to allow one full
revolution of the drum for carrying out each of the four
steps outlined. This guarantees that steps 1, 2 and 4 will
be completed during thelr allotted times, but demands also
that the time required for carrying out the most difficult
‘erithmetic operation (step 3) be less than or equal to the
revolution time of the drum.

The operation now consists of four revolutions of
the drum, each revolution guaranteeing the successful come
pletion of one of the basic stepss These four steps may now
be carried out simultaneously (see Table 1): (1) order N is
being located, (2) the two operands called for in order Nel
are being located, (3) the operation specifised in order Ne2
is being carried out in the arithmetic unit, and (4) the
result of order N-3 1s being filed away into the stipulated

storage location. There are, then, four simultaneous steps
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being carried out, each referring to a different order or
operation, so that the result is an accomplishment of a

complete operation every revolution of the drum.

S0 Component Reguirements

Returning to the standard and short memory sece
tions of the drum, it may be seen that during a glven revo-
lution four words are communicated between the standard
memory and the rest of the computing machine, An order and
two nunbers pr operands) are read out of standard memory,
the order being destined for an "order interpreter" (see.
Figure 6) which will translate the serial digital informa=
tion into static control voltages for the rest of the ma=
chine, and the two numbers destined for the arithmetic unit
to be operated upons The fourth word communicated is a
number, the result of an arithmetic operation, which 1s
written into standard memorye

The order and two operands read out of standard
memory are located some time durling the memory cycle and
must be stored until the end of this cycle, at which time
they are delivered to thelr respective destinations. The
"pesult" number is delivered from the arithmetiec unit at
the beginning of the memory cycle and must be stored until
it can be writtén into the proper position in standard meme
orye The function of the short memory seetion 1s to provide
the storage for these four words, and 1t is obvious that four

recirculators are required for this purpose.
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It might also be noted at this point that some
sort of unit will be required to "conneet" the desired lo-
cation in stsndard memory to the short memory recirculstor
which is (or is to be) temporarily storing the information
(see Figure 6)e.The properties of such a unit are: 1t must
be capable of arranging for connection of the recirculator
to the desired track in standard memory, snd to close this
connection during the proper part of the memory cycle to
plck out only the one desired locatione Such a unit is
called a "time and track selector®™, and four of these units
are reguired 1f 1t 1s desired to be able to conneet to
storage locations which are passing the reading and writing
heads at the same time, one being required for each recire
eulator. Tne information of whieh track and time (angular
position) to contact i1s supplied by the "order interpreter",

for this information is contained in the orders.

6. Second Design Feature

The requirement of the first design feature was
that the time for the longest aritnmeticai operation be iess
than or equal to the period of rotation of the drum (or mem=
ory pericd). The second deslign feature is concerned with
maximizing tne efficiency of tne aritnmetic unit under such
restrictionse The efficiency is greatest when the operation
time 18 precisely equal to the period of the cyclic memory,
and the achievement of thls constitutes the second design

foature. The combination of the two design festures can
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best be termed "INTEGRAL SYNCHRONIZATION", for all units of
the computing mechine form an integrated system, carrying
out their functions simultaneously and in identical periods
of time,

This second design feature immedlately imposes
difficulties in efficient utilization of the operstion time,
for with "fixed polnt" number representation the various
arithmetical operations are performed in different lengths
of time; multiplication and division take about n times
longer for n~diglt numbers then additlon and subtraction,
In addition to this, of all number representations (with
respect to base) only the binary system permits diviasion
to be performed as rapidly as multiplication may be per=
formed; and then oniy under rather stringent conditions,
l.e., the dividend must be less than twice the dlvisor.

These are not essential difficulties, however,
for they are removed by the introduction of two numerical
features, both of which are desirable from the point of
view of simplicity of construction or simplicity of problem
preparation, These features are: (1) binary representation
of numbers and (2) a floating binary point. The binary
representation allows multiplication and division to be

performed in the same length of time, provided the condile
tions for divlision are satisfied. The rloating binary point
makes it possible to satisfy at all times the condition on
the division process, thus speeding 1t upe The floating



28
point also makes the operations of addition and subtraction

require the same length of time as multiplication and divie
sion, but sccomplishes this by reducing the rate of perform=
ance of the first two. The reduction in speed of addition
and subtraction should not really be considered a loss
however, for the time 1s avallable and the additional opere
ations are certainly of a useful neture.

The introduction of the floating=point feature
does require some additional equipment for addition and
subtraction of exponents and for control of shifting nume
bers, but the incresse 1s not very large relative to the
amount of equipment already involved. In addltion greater
storage capacity is required to store an equal quantity of
numbers, for the values of the exponents must also be
stored; however, a corresponding increase in useful infore
mation is made available,

To complete the requirements that must be satise
fled before integral synchronization may be achieved, an
analysis of the relatlonship between the memory and arith-
metic units must be made. The first analysis will ignore
the requirements of providing short periods of time between
numbers, sufficlent to perform switching operations.

Multiplication furnlshes the simplest example and
will be used to inltiate the analysis. In multiplication
of two n»digit numbers, each of the n digits of the multie
plicand must be multiplied in turn by each of the n digits
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of the multiplier, forming a total of n2? partial products

with thelr corresponding powers of two (binary system)s The
product is obtalned in binary form by summing the n? pertial

productss In actuality the process of summation of the pare

tial products 1s accomplished by summing esch partial product

as it 1s formed, thus requiring no additional time. The
formation of partial products occurs as rapidly as digits
are presented to the multiplication component, so n® digite
times are required for the formation of the producte It

1s desirable to have the memory system supply the n digits
of each operand to the arithmetlic unit at the same rate as
the internal storage (arithmetic section of the drum) of
the arithmetic unit supplies them to the multiplier, so
that a speed matching device 1s not needed; hence, to maine-
tain integral synchronization between the arithmetic and
memory systems, the period of the memory system must also
be equal to ne digit-times. The addition of the exponents,
which must also be performed, is carried out in a special
exponent reglster and 1s done simultaneously with the rest
of the operation.

In the following chapter it will be shown that the
division process will require precisely the same length of
time, 1.e., n2 digit-times.

Addition and subtraction do not always require n?
digit-times, the actual time varying from 2n to n° diglite

times, but n? are required to assure completion, hence these
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two operations will be considered to utilize the full capa=

bilities of the arithmetic unit as well as multiplication
and division.

The requirement of n2 digit=times making up one
period of the cyclic memory imposes relationships between
the number of digits of informatlion in a word (significant
digits, exponent value and the algebrailc signs of the number
and exponent make up a word), the number of significant
digits in a number, and the number of words which fit into
one period of the memory. These relationships must be sate
1sfied if maximum utilization of the memory and arithmetie
units are to be realized. An additional condition, for maxs-
imum use of order information, might also be imposed: that
the number of words in a memory period be equal to an inte-
gral power of two, Designating m as the number of digits
in a word, n as the number of significant digits, and 2J
as the number of words in a memory period, the relationships
are: (1) n2=mx2J, (2) m>n, and (3) m, n, j are integers.
The spectrum of m and n for a given value of ] may be gene
srated by a single integer k, where k=1, 2, 3, s (k=0

generates m=n=2J)s There are two cases, Jj»o0dd snd J-sven:

j=o0dd
+1
n=25+kx2“r

+3
m=2l+kx2?2 +2x

k=1, 2, 3, o0
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J"'Vﬁn
n=2l+xx2i/2
+2
m=2-"+kxz‘%’+k2

The cholce of } end k must be made in such a fashe
ion that n and m are reasonable values, end the cholces will
be taken to be: J§ =5, k= 1, ylelding 8J = 32, n = 40 and
m = 50, This represents 32 words in a memory period, 40
significant digits in a number and S0 Aigits to represent a
word (number or order). Forty of the 50 digits in a number
are the significant digits, 8 are used as the exponent value,
and 2 are to be used for the algebraic signs of the number
and the exponent. The numbers are to be represented as
+p x 2°9 where 1> p >1/2 and 255>q 20. The 40 significant
blnary digits are approximately equivalent to 12 decimal
digits, and the 21255 range in number size is approximately
equivalent to 1075,

It was mentioned earlier that provision of some
"dead space™ for performing switching operations is re«
quired. This switching time must be provided between words
in the memory system and between significant diglt groups
in the arithmetlic unit. Let the switehing time provided in
the arithmetic unit be equal to X digit=times, and thet be=
tween words in the memory unlt be equal to ,6’ digit-times,
where L and/ are integers, The set of altered relation-
ships are: (1) n(n+X) = 23(11 +4), (2) m>n, and
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(3) n, my, §,K, ,6 are integerse. The spectrum of m and n are
yielded by the original set of equations, and an additional
set of equations for generating the spectrum of & and /ﬂby a
second integer, h, is provided:

j=o0dd

o=h xzi;

- h=1l, 2, 3, eee
{/?---hx(eigl+k) T

.'I-even
®=h x 2i/2

g=nx (23/2 + )

The above equations do not yleld the complete spece

trum for even k, but the complete spectrum may be obtained
by choosing a new factor h!=2"8 x h, where g equals the nume

ber of factors of two in k, not exceeding lil for odd J or%

for even j. These cases are not of great interest, for the
numbers yielded do not represent cases of practical interest,
h is again chosen to be 1, yielding & = 4 and & =5,
Actually the choice of h 1s determined by the operation time
of the swltehes, and « and (A are very reasonable valuese In
addition to this /d-ot--l could be used as additional storage
space in the memory 1f switching required about the same
length of time in either place, but the switching operation
is more complex in the memory system than in the arithmetie

unit so the additional time is useful.
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The result of the cholces yield an integrally
synchronized memory system and arithmetic unit with an opér-
ating period of 40 x 44 = 32 x 55 = 1,760 digit=times, #0
the magnetic drum must have space to store exactly 1,760
digits in each peripheral track. The two digit-~time groupe
ings, 44 and 55, will constitute a "minor arithmetic cycle"
and a "minor memory cycle" respectively; and the total of

1,760 digitetimes will constitute a "major memory cycle",

7« Component Requirements

TheAcomponent requirements of "standard memory"
and "short memory" were falrly well established from the
first design feature, except that the number of words in a
particular track in standard memory was not known, but has
Just been chosen to be equal to 32. This fixes the require=
menta of the spacing angle between the reading and writing
heads of the short memory recirculators, for they must sube
tend the same angle as a word in standard memory, or 2n/32
radianl (55 digit=spaces)s, The requirements of the other
units previously described ("order interpreter"™ and "time
and track selectors") remsin as stated, but will be enw=
larged upon in the following chapter,

The seeond design feature fixes the requirements

of the arithmetic end timing sections of the magnetic drum.
The recirculators in the arithmetic unit must span an angle

sbout the drum equal to that of 44 digitespaces, for these

reclirculators must store the 40 significant digits of a
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number and also the 4 digits of "dead space"™ for switching
operations must be included. Three such recirculators are
required: two for the two operands which are read into the
arithmetic unit at the beginning of the major memory cycle,
and one for storage of the results at intermediate points
in the arithmetiec process (suoch as the sum of partial pro=
duets at any point in the multiplication, the quotient
digits generated at any point in division, the sum or dife

ference in addition and subtraction),

Since the arithmetic section of the drum stores
only the significant digits of the numbers, the complete
arithmetic unlt must provide additional storage space and
operational equipment for storing and adding the exponentse
These exponents must also be used to provide control of the
relative shift between addend and augend or minuend and sub=
trahend (this will be discussed in the next chapter).

Although it was just stated that the spacing of
the recirculators in the arithmetic section should be 44
digit=spaces, asctually a‘oontrol of this spacing must be
exerted, allowlng values of 43=44-45 digit-spaces, for
shifting the numbers to the right, none at all, or to the
left of the binary point, respectively, one digit per minor
arithmetic cycleeo

The timing section of the drum is provided to
synchronize the three other sections, supplying "markera"

indlcating the stage of the various cycles to the
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corresponding units concerned. These markers must be of
four kinds: (1) digit-time markers, which are required by
all units to synchronize inter~storage communication;

(2) minor memory cycle markers, which synchronize the stand~
ard and short memory systems and also the "time and track"
selecting switches; (3) minor arithmetiec e¢ycle markers,
which synchronize the operation of all the elements in the
arithmetic unlit; and (4) a major memory cycle marker, which
signals the beginning of each operational step, ineluding
transfer of information between the arithmetic and short
memory sections, transfer of newly located orders from the
short memory unit to the "order interpreter", and a number
of other applications.

Although not properly introduced in this section,
the "input" and "output™ units must establish communicetion
with standard memory, and will do so through two of the
four short memory recirculators which are provided. To
eztabllizh communicatlon these units must also be properly
synchronized with the short memery system, and will require
digit, minor memory, snd major memory merkers from the
timing section. These functions will be considered in the

next chapters

8¢ Modifilcations

a2, Input and Output
It was stated in the first chapter that the two

communication orders (Read=in and Read=ocut) have possiblilities
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for expansion to include several input and output unitse
These additionel units would be of use in supplying or
producing tables of funetions for the machines They can bhe

added without appreciable change in the original construction.

bo Storage Capacity

So far no statements have been made about the
storage capaclty available In standard memory, except that
each "track" in the system can store 32 words and that a
number of tracks may be used in parallel., The maximum num=~
ber of tracks, N, 1s dependent on the order system, and N=32
is a maximum for the order system previously defined, since
the number of digits avallable in an order for specifying
addresses (storage locations) is limited. A change in the
Extract order, involving the replacement of one of the ori-
ginal operands by the new word constructed, would allow

N =812 as a maximum.

ce Time and Track Selectors

In the component requirement subsection of the
first design feature it was stated that four time and track
selectors were required if it were desired to connect to
storage locations which passed the reading and writing heads
at the same time. An alternative to this would be to have
two time and track selectors, one for reading and one for

writing into standard memory. The single reading time and

track selector could function for all three of the reading
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operations by providing san additional switch for connecting 1
to any of the three short memory recirculatorss The pro=
grammer would have to prepare the computations so that none
of the three words being read from standard memory would
appear during the same minor memory eyecle., This would place 1
a certaln additional responsibility on the programmer, but

the flexibility of the machine would not be appreciably W
impaired,

do Special Storage Locations

Before conecluding this chapter it is of interest
to point out a difficulty which is peculiasr to the simultane
eous performence of operational steps (refer to Table 1),

If order N calls for either or both of its operands to be

the result of the N=2nd order or the N=lst order, a dilemma 1
exists, for these results have not yet been filed into
standard memory, so are not available during the corresponding |
"locate operands" cycle. It will be noted, however, that i
the result of the N-2nd order is avallsble during this time ?M
in the "result" short memory recirculator®, and will remain
there untll replaced during the first minor memory cycle of
the next major memory cycle (the word not being destroyed

when written 1lnte standard memory), which 1s the operation

cycle for order Ne Thus it 1s possible to just read this

¥ The avallability of the result in short memory was first
recognlzed by C. He Davidson, University of Wisconsin.
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result from 1ts short memory recirculator into the desired

arithmetliec section recirculator during that first minor
memory cycle,

Similarly the result of the N~-lst order is being
generated in the arithmetic unit during the "locate operand"
cycle of the Nth order, =0 it will be available to read
back into the desired arithmetic section recirculator for
the following operation ecycle of order N,

The introduction of these two special "mﬁmory
sddresses"™ into the order system allows simpler programming

procedures and more efficlent use of the computing machines
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ITI. CHOICE OF COMPONENTS AND THEIR
OPERATIONAL REQUIREMENTS

1. Introduction

In the design of the first model of the "inte=
grally synchronized computer®, which is to be bullt at the
University of Wisconsin®, 1t has been decided to incor=
porate components which would require a minimum of developw
mental ressarch, The memory unit which appeared to most
nearly satisfy the regquirement was the magnetic drum, pare
ticularly because of the ease of synchronlization between
the three memory sections. Another advantage 1s that com=
mercially available magnetic drums have digit=periocdicities
of very nearly the value required, i.e., thelr maximum
storage capaclity per "track" 1s about 15% in excess of the
required 1,760 dlgits.

The ease of synchronization when utilizing the
magnetic drum 1s a property of the system itself, for the
complete memory system consists of a uniformly moving
medium, snd timing markers placed on this make the medium
serve as its own "elock™ independent of its speed (within
the 1imits of the marker-sensing equipment utilized).

There 1s an additional advantage and a dissdvan=

tage in using a magnetic drum storage systems, The advaneage

* Pnis model has been named "WISC", Wisconsin Integrally
Synochronized Computere
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18 that the information stored on the magnetic drum is none
volatile, allowing the computing machine to be shut down
overnlight even though the problem 1s unfinished; or, if a
check shows an error has developed in the computer, it may
be repaired and the problem may freguently be started from
the point of the previocus cheek rather than starting at the
beginning. The disadvantage of the magnetic drum is that it
1s essentlally a low speed device, presenting digits at a
frequency of 100 kllocycles in comparison to the 1 megacycle
frequency achleved in mercury delsy lines., However, in s
way this is advantageous for building the first model, for
the development of circuits for handling the lower frew

quencies is considerably easler,

2, Division of Drum

The division of the drum into sectlons according
to funection is shown in Figure 54 The five sectlions are:
(a) Timing, (b) Standard Memory, (c¢) Short Memory,
(d) Arithmetlic Memory, and (e) Input and Outpute With the
exception of section (e) these sections are identical to
those required in Chapter II. The use of the Input and Oute
put section will be discussed in the latter part of this

chaptere

s, Timing
The Timing section will contain four reading heads,

which will read the timing markers for digit=-times (1760 per
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revolution), minor arithmetic cycles (40 per revolution), ;
minor memory eycles (32 per revolution), and major memory h
eyeles (1 per revolution).

To maintaln precise synchronization throughout,
without the use of precision equipment, all digits will be
written onto the drum in coineidence with digit timing=
markers; similarly the reading of digits from the drum will
be done in colncidence with these timing-markers, but de=

layed an amount equal to the inherent delay of the system.

be Standard Memory

The Standard Memory sectlion will contain 32 come
bination reading and writing heads, each‘serving to read
or write information in a particular track around the drume
In esch track there are spaces for storing 32 words, so the
total storage provided totals 1024 words, Connected to
these 32 reading statlons are three parallel track selec~
tion units, each of whieh cen connect an amplifier to sny
of the 32 trackss. The outputs of thess three smplifiers
are the three words: (1) the next order, (2) and (3) the
two operands called for in the present order. Connected
to the 32 writing stations is a single track selector which
connects the "writing amplifier™ to the desired track for
recording new information on the drum. In general the new
information will be the result of an arithmetical or extract
operation, but the words supplied by the input mechanism
will be recorded on the drum through this same channele
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Similarly, the output of one of the three track selectors
connected to the 32 reading stations will be supplied to

the output mechanism for permanent external recording.

¢s Short Memory

The Short Memory section consists of four tracks
with reading and writing heads separated by §3 digit spaces
(Refer to Figure 4)s Three tracks store the new order and
the two operands of the present order from the time of
recelpt from Standard Memory until they are required at
thelr respective destinations. The fourth track stores the
result of an operation from the time of receipt from the
Arithmetic Unit until erased by the recelpt of a new result
one major oycle later, the result being available all during
this cyele for duplicstion in the desired location in the
8tandard Memory. The new order will be transferred from
the Short Memory storage track into the Order Interpreter
(see Figure g) during the last minor memory cyele of the
major cycle in which it is read from Standard Memory. In
the event that thls new order is not located until this
last minor memory cycle (at which time success of location
is assured) the new order is read directly from Standard
Memory 1nto the Order Interpreter without requiring the
intermediate storage. The two operands will be transferred
from Short Memory into the Arithmetic Unit during the firat
minor memory cycle of the following major cycle; simultan=

#ously, the result just obtained in the Arithmetic Unit is
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transferred into the fourth Short Memory track for filing
into the required Standard Memory position sometime during

this major cycle,

de Arithmetic Memory

The Arithmetic Memory section consists or.hhree
tracks with reading and writing heads separated by 42 digit
spaces. Two of these tracks will recelve the two operands
from Short Memory and the third will be used to store the
result of the operation until delivered to Short Memory at
the beginning of the next major cyele,

e¢ Input and Output

The Input and Output section will consist of four
tracks with combilnation reading and writing heads. Two of
the tracks wlll be used to store information read from the
Input mechanism, but which Standard Memory is not ready to
recelve, The other two tracks store information delivered
by the Standard Memory, but which the Output mechanism ia
not ready to receive,

Since each track holds 32 words, a total of 64

words of intermediate storage is supplied for each purpose,

30 Supplementary Features

as Recireculators
The magnetic drum is provided with a single in-
herent period, whiech 1s the time for one revolution, but

two additional periods are required, short memory requiring
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55 digit-times and arithmetic memory requiring 44 These
additional periods can easily be produced by the feedback
circuit in Figure 4o In such a circult the information
written onto the surface of the drum at the writing-head
location is carried past the reading~head location a number
of digit~times later. This informetion 1s now fed back to
the reading-head, amplified, and supplied to external cirw
cults and back to the writing-head again. 1In this fashion
a number of digits, not exceeding the digitetime delay be=
tween réading and writing heads, may be made avallable per=
iodicallye Such a system is termed a "recirculator”, and
recirculators having delay times of 83 and 42 digit~times
will be used for the short and arithmetic memories, respece
tively, (The 53 and 42 diglt-times rather then 55 and 44
will be explained when inherent and controlled delays are

taken into account).

be Delays

Before proceeding any farther, the question of ine~
herent and controlled delays must be consldered, for they
are necessary to the operation of the Arithmetic Unit and to
the synchronization of the machine., In the process of
"writing" on the magnetic drum a pulse of current is used
to set up an intense magnetic field at a spot on the surface
of the drum (see Figure 5), permanently magnetizing it;
this current pulse is triggered by a dlgit marker, so the

current pulse resches 1ts maximum a short time later than
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the digit marker. Later, when read back, an additional in-
herent delay 1s to be found in the amplifier. As a result
of this delay it is difficult to use the output of the
amplifier to diroctly recontrol the writing process, for
the inherent delay is less than one digit-time. The sime
- plest means for solving this problem 1s to increase the
delay of the smplifier so that the total inherent delay bee
comes exactly equal to one digitetime; any additional delay
that may also be desired 1s to be added in increments of
one digit-timees The obvious dlfficulty that arises at this
point 18 that the digit read from the drum 1s one digite
time later thanwhen written, which still mskes it impoassible
to control writing processes, The way out of this apparent
dilemma 13 to run portions of the computing machine one
digit~time behind the rest, with means for regaining the
lost time in communication between these sections. The
system of "time stabilization™ proposed here is compara=
tively simple, and 1s shown in Figure 7. It will be noted
that the regaining of the diglt time 13 accomplished by

means of recirculators.

ce Shifting Registers

In concluding the discussion of delay, it might
simplify later discussion to state that the one~digit delay
units which will most probably be‘used ams special "flipe
flop™ units (unlts having two stable states of conduction)

which take on the state of conduction determined by two
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input trigger pulses. One of these pulses is called a reset
pulse, and the receipt of this pulse causes the "f£lip~-flop"
unit to take on the state of conduetion designated as "zero".
If the unit was in the "zero" state prior to the application
of the reset pulse, no change occurs, but if it was in the
"one"™ state, a change in the state of conduction oceurs,

The change in state of conduction may be used to generate a
trigger pulse similar to the reset pulse but later in time,
The "change of state" trigger pulse 1s used as the second
input trigger pulse to an adjacent "flip-flop" unit and
causes this unit to take on the "one state". Considering a
chain of such "flip-flop” units having a given configuration
of conduction states, the simultaneous application of reset
pulses to all units causes each unit to take on the "zero"
state. Those units which were previously in the "one"

state generate "change of state" pulses which are applied

to the following unit in each case, causing the following
unit to take on the "one" state. In effect, then, the conw
figuration of conduction states moves one unit down the
chain each time the reset pulses are supplied. Such a chain
is called a "shifting register", and converts a serial input
of information into a static setting on the flip-flop unitse
In application in the Wisconsin machine, the present plans
are to attaln the full one-digit inherent delay in reading
by having such a flip=flop unit as the output stage of the
amplifier,
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One more point to be considered about the "flipe
flop” units 1s that the units are to be symmetrical, so
that the "zero" state and the "one" state differ only in
the respect that the potentials at two corresponding points

in the circuit are reversed; this will be useful for ob-

taining complements of a number by "reading the opposite
side" of the flip-flop units (the complement also requires
the addition of 1 in the least significant position),

d. Assignment of Digilts
In order to discuss the operation of the Order
Interpreter the asslignment of digits in the orders should

be described. In Figure 8 s set of four diagrams are shown

which picture in reasonable detail: (a) assignment of diglts
in a number, (b) general sssignment of digits in an order,
(¢) detalled assigmment of diglts in an order, and (d) pre=
cedence of control information. There are a few items of
information regarding the assignments which are of interest,
In the numbers the arrangement of the digits are such that
the least significant of the digits in both the numerical
end exponent groups are at the left; and appear first in
time throughout the computer; in additlon all numbers which
are to be handled in the Arlthmetic Unit will have a 1 in
the 40th digit (most significant) space, with the exception
of numbers for special purposes (i.e., which are to be added

or subtracted only)e In the orders the 40th digit is re-

tained as a 1 for all but the extract order, this 1is
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provided so that addition of constants to the order addresses
(locations in Standard Memory) for operations on sequences
of numbers mey be accomplished without modifying the Arithe
metic Unit; simllarly the exponent sectlon 1s kept free in
all but the extract order so that a single step is all that
1s needed for addition of constants to the order addresseses
Keeping the exponent section free does require dusl assigne
ment of digits in several cases and the significance of
digits in these positions depends on the presence of other
digits, as shown in the last diagram in Figure 8, More com=
pact grouping of the order digite could be attained by using
binary notation, but additional eircultry would be required
for this, The "Short Memory" diglt sssignments are for
specifying either of the operands to be results of the
previous or second previous operations; only one such Short
Memory asslgnment 1s avallable in the extract order, but
this is sufficlent to allow consecutive extrect operations
on a given word.

Sufficient information is now avallable to cover
the operational requirements of the rest of the computer

units. These units will be taken in the order: (1) Order

Interpreter, (2) Time and Track Selectors, (3) Arithmetic

Unit (covering each operation required), and (4) Input and
Output Units.
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4. Order Interpreter

The Order Interpreter is shown in Figure 9. Its
malin components are "ghifting registers®™ which receive the
new order in serial form from the new order Short Memory
track, or from Standard Memory if located in the last minor
memory cycle, Thls information transfer takes place during
-thls last minor memory cycle and remains as statie informae
tion on the shifting reglster for at least one major memory
c¢ycle, It should be noted that the information 1s divided
into 5 parallel 10=~digit groups (A, B, C, D, E), and that
the (C) group consists of three series units (C, C!', C");
also the (D) and (E) groups consist of two series units
(D, D') sand (E, E')s The number of units in serles is
determined by the number of major cycles during which the
information must be kept avallable. The Input to the 5 pare
allel groups 1s governed by a eyclic switch, allowing 10
digits to be read into eache

a. The (A) and (B) Groups

The (A) and (B) units contain {for addition, sube
traction, multiplication, division, comparison, and extract
orders; A, S, M, D, C, and E) the locations in Standard
Memory of the two Opepands called for in the order, and are

required only during the following major memory cyclee In

the case of the specification of a Short Memory address, any
locatlion may be specified in the (A) and (B) section (zero |
being the simplest), and the word in this location will be |
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located and placed in Short Memory, where its future will &U
be governed by the Short Memory address specified in the ;
order,

In the cases of the other four orders (Read~in,
Readwout, Transfer, and Halt; I, O, T, and H) the (A) and
(B) units contaln information of a different nature. For
I and O orders the (A) unit holds the address in Standard
Memory into or out of which the first of a sequence of words
will be transferrede This address will be increased by }
each major memory cycle (except for a specisl case discussed
An the Input and Output section), allowing the transfer of
& new word every major cycle from Input to Standard Memory
or Standard Memory to Outpute The (B) unit, for I and 0
orders, will hold the address up to which this process will
continue. For T and H orders any information may be placed
in the (A) and (B) units, but the words in these addresses
will be located and sent to the Arithmetic Unit wherse some
uncontrolled operation will be performed, however, the re=
sult of this operation will not be allowed to be written

into Standard Memory.

be The (C) Group

The three (C) units serve two purposes. In the A,
8, M, D, and E orders, the (C) unit holds the address in
Standard Memory into which the result of the operation will

? be written. The input to the (C) section causes the informae

tion in (C) to be shifted to (C') and that of (C') to be i
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shifted to (C"); making the information in these units

avallable for three major cycles. This is necessary, for
the address lnto which the result of an operation is to be
written cannot be used until this result is available for
storsge, which 1s during the third major memory cycle fole
lowing Ehe receipt of the order by the Order Interpreters
The second purpose served by the (C) unlt is the storage
of the address of the following order in the case of T, I,
and O orders; the C order uses this position for storing
the address of the following order under the condition that
the result of a subtraction 1a zero or negative, but the
Information as to the result of the subtraction is not
available until the end of two major memory cycles, so this
must be kept avalilable for transfer into the Order Selector
section until the result is known. In the T order this new
address must be transferred immediately to the Order Selector,
and in I and O order s simllar transfer must be made, but
the new order cannot be read until the completion of the I
and 0 operations, which may take a large number of major
cycles, :

Returning to the C order and the operation of the
Order Selector section of the Order Interpreter, 1t was
stated that the address of the following order was to be
found in the (C) unit in case of a zero or negative result
of a subtraction. The function of the Order Selector is to
supply the addresses of the orders to the Order 'Time and
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Track Selector', and it sccomplishes this function by adding @H

1 to the previous order address every major memory cyele, ﬂ
thus providing orders from sequential storage locations;
transfer from this sequence of orders is provided for by the j
C, T, I, and O orders and 1s accomplished by replacing the
address in the Order Selector by the new address supplied in
the order. Since the result of the subtraction in the C
order is not known for two whole major membry cycles, the
Order Selector will continue resding orders from the same
sequence for the two following cycles; in the case of a
positive result two of the desired operations have then al=
ready been started, and in the case of a zero or negative
result the new order address 1s placed in the Order Selector
and the results of the two undesired orders are not allowed
to be written into Standard Memory (they become avallable
for writing after the result of the comparison is known),
and it 1s as though they had never been carried out. In
addition to the above, the result of the subtraction in a

Comparison order must not be written into Standard Memory,.

¢e The (D) and (E) Groups

The (D) and (E) units of the Order Interpreter
shifting reglster contain the information of the order types
The control digits in these sections determine the type of
information contained in the (A), (B), and (C) units as
well as in the (D) and (E) units and are not generally needed

until the operands for the order have been located (except
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for T, I, 0 and H), which means they must be stored until
: the second major memory cycle during which they are used,
% ! . As shown in Figure 9, the statement that this 1is
" an Extract order (digit 40 =0) causes a particular interpre-
tation to all of the digits in the (D) and (E) sections,
,i i The statement that this is not an Extract order but is one
| of the arithmetic orders (4, S, M, D, C) (diglt 40=1 and
one of digits 31«35 are 1) causes a particular interpreta=
tion of the (T, I, 0, H) group of digits (no interpretation
1s made of the (E) group in any but the Extract order, so
they may be left blank or glven values for special operaw
tions in the Arithmetic Unit). The statement that this 1s
; not an Extract or an Arithmetie order (digit 40=1 and
digits 31-35 are zero), allows the T, I, O, and H group to
represent these four orders. The properly interpreted

digits supply control voltages wherever needed throughout

’é : the computer, and are used generally for the setting of

electronic switches,

5¢ Time and Track Selectors

The four Time and Track Selectors are essentlally
alike, at least in function, and a representative functional
disgrem 1s shown in Figure 10, The Time and Track Selector .
consists of two main units, one of these units 1s a track
selector, which in effect chooses the correct position of a

32«~position switeh. In aectuality this is a binary to unite

ary translastor, closing one of 32 possible contacts determined
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by the binary number in s 5-digit register., The other unit
i1s a colnclidence detector, which completes the connection

between the amplifler and the reading or writing station

when the setting of a 5-digit binery "minor memory cycle”
eounter colncides with the S~diglt register setting whieh
stipulates the angular position of the addresss In practice 1
the reading and writing stations will be numbered O through
31, and the minor memory c¢ycles, or angular positions, will
a2lso be numbered O through 31, The two S5~digit registers
will actually be one of the 10-digit units in the Order
Interpreter shifting reglster, the specification of track
and angular position each requlre 5 of the 10 digits and
actually designate the physical position of the word in

] ] Standard Memory.

Some sort of "lock™ will be used to maintain con~
nection between the track end amplifier for a full minor
memory cycle, for in the last minor memory cycle the infore

_ mation in the Order Interpreter shifting reglster will be
E { 1 annihilated by the introduction of a new order, but the Time
| | and Track Selector must continue functioning throughout this

i

l

| ] minor memory cycle with the previous information. Sufficilent
| 4

’ time to set the switches is available before the 0ld infore

|

mation i3 destroyed.

6e Arithmetic Unit

i f This section covers the operation of the Arith-

metic Unit. Numbers (or orders) are read into this unit
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during the first minor memory cycle of a given mejor memory
cycle, two numbers are read in at this time and have been
called operands No. 1 and No. 2, These operands are of the
form#a+2?® and *B°2*P, pespectively (A, s, B, and b are
positive), where the first 40 digits of operand No. 1 conw
atitute A, the next 8 digits constituting a, and the last
two dlgits giving the signs of a and A, respectively;
operand No., 2, of course, comes in precisely the same order,
As stated earlier in the assignment of digits, the earliest
digits in A and a are the least significant digitss A and
B are accepted in the Arithmetic Memory during the first
minor asrithmetic cycle, and the succeeding ten digits (a
and signs and b and signs) are accepted by two "exponent
shifting registers™ for thelr operations.

It should be noted that the exponents and signs
appear in the exponent shifting registers during the second
minor arlithmetic ecycle (actually a 6 digilt-time overlap
occurs), so they are not avallable for control until the bew=
ginning of the third minor arithmetic cycle. This causes
no difficulty in the case of multiplication and division,
but in addltion and subtraction considersble diffieculty
ensues, for decisions on shifting and on the actual arithe
metic operations are required, This difficulty ariaeﬁ in

the four cases in addltion and subtraction which require the

full operational time; these cases will be taken up later

ONeo
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To investigate the operation of the exponent
shifting registers and the addition and subtraction cases,
it 1s advisable to first take up the method of handling num=
bers in these operations. The methods of addition and sube
traction in the exponent registers will be about the same

as those used in the rest of the Arithmetic Unit,

2o Addition and Subtraction

There are four cases in addition and also in sub=
traction, depending on the algebrailc signs involveds To
handle these in the simplest way, one of the numbers (A)
will be considered the "major signed number”, and all results
will first be obtained with the sign of A. Subtraction will
be performed by addlng the complement, with respect to 1, of
the subtrahend. (Only bracketed numbers are recorded in the
result track), See Figure 12, ‘

The nuﬁber, A or B, with the least positive exw
ponent 18 to be shifted to the right of the binary point by
an amount equal to the exponent difference or 39, whichever

is the smaller.

Addition
(+)A + (+)B = +[A+B]
(+)A + (=)B = +[a + (1-B)] -1
(=)o + (+)B = =[(+)a = (¥)B] = =[a + (1-B] + 1

(=)A + (=)B= =[(+)a = (-)B] = =[a+B]

it
|
‘s

=R e
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Subtraction
(+)A = (¥)B = +[a + (1B)] = 1
(+)A = (=)B = *[a+g]
(=}a = (¥)B = = [(+)a * (+)B] = =[a+B]
(<34 = (=)B=={(9a + (~)B] = =[a+ (1-B)) + 12

It should be noted that the algebralec sign of the
"ma jor signed number" controls the indicated operation, that
is, a negative sign assoclated with A converts an addition
to a subtraction or vice versa; this is in additlon to indie
cating the trial sign of the result. The "minor signed nume
ber" has control over its complement, that is, a negative B
inverts the "complement decision" of the indicated operation
(the indicated operation being the result of the originally
specified operatlion controlled by the sign of A)s It ia
interesting to note that only two controls are required in
this method, and that the control voltages are avallable in
the exponent shifting reglsters; negative A inverts the
indicated operation, and negative B inverts the complement
decision.

So far the possibility of negative results has
been ignored, i.e., the sign of the result # the sign of A,
This can occur under only one condition, namely, when the
complement of B 13 added to A; this condition oceurs four
times In the elght sddition and subtraction cases.

The condition on A and B (inecluding shift) is:

1>4,B2>0, where O is considered to be 274l smaller,
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Case 1: A2>B
A+ (1«B) = 1+ (A=B) = 1 + €
where: ¢35 0
so: A+ (1-B) >1
Case 2: A< B
1 A+ (1B) = 1 = (B=a) = 1 = &'
f where: g'>0

80: A + (1«B)K1

Case 1 1llustrates the condition that the sign of A 18 equal
to the algn of the result, and Case 2 the condition that the
sign of A 1s opposlte to the sign of the result. Since the
addition of the complement of B to A represents the operae
tion of taking the difference of two positive numbers, the
|A=B| 18 less than the larger of the numbers (A, B), end
hence 1s less than unity. This makes it permissible to ine
spect the digiteposition of 1, and 1f a 1 occurs in this
position (Case 1), the result is positive and the correct
result is obtained by falling to write the 1 in the "resuls
memory track" (failure to write 1 being equivalent to sube
tracting 1 from the result); 1f the digit in the 1 position
is 0 (Case 2), the result is negative and the number re-
corded is the complement of the desired number, the correct
result is now obtained by taking the complement of this re=
corded number and changing the sign in the exponent register.,
(The inspection of the diglteposition of 1, which 1s the
41lst digit-time of each minor arithmetic cyecle, 1s required
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for ascertaining signs only when the complement of B is
added to A.)

The result of an arithmetie operation is written
as *Re2™T, where 1> R21/2 and 2562r>0. In the addition
and rsubtraction cases, where 1> A,B>0 and the unshifted
number (A or B) is greater than or equal to one=half, the
condition [A*Bl=R satisfies 2>R>1/2, implying the need
for inspecting the digit-position of 1 again to determine
the need of shifting the result (a required shift in this
case requires the addition of 1 to the most positive ex~
ponent of A and B, either *a or *b, to obtain *r); the cone
dition [A + (1=B)]=1+R ylelds an R which satisfles 1>R3>0,
implying the need for inspecting digit-positions 2'1, 2“2,
coay 2=40 successively until a 1 is located or a2ll are dew
termlned to be zero, each successive zero requires a shift
and the subtraction of 1 from the most positive exponent in
order to obtain tr (in the event that al 1 digits are zero,
the present plan i1s to make rr =255 and the sign of the

result negative, so zero is carried as a negative number,)

be Exponent Unit

The Exponent Unit is shown in Figure 11; the main
components are two 10«dlgilt shifting registers, an exponent
adder with switching controls, and coincidence detector with
shifting controlss. The two 1l0«digit shifting reglsters

serve two purposes. They receive the two exponents with the

algebrale signs during the first minor memory cycle, and
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‘, constitute digits 41 through 50 of the numbers; since the
F ; first minor arithmetic cyecle requires 44 digit-times, the
information is not completely received until digitetime 6

of the second minor arithmetic eycle. If the arithmetie
operation regquires 1t to be addition or aubtraction, the
algebraic difference of the exponents must be obtained for
purposes of controlling shifting of the numbers A or Be The
second purpose served by the two shifting registers is to
hold the largest positive exponent and this algebraic dife

j ! ference between exponents. Since the exponent information

f ? is too late for control during the second minor arithmetic

cycle, the rest of this cycle is available to be used to f

perform the arithmetic operations on the exponents and obe

tain the desired numbers as settings on the shifting reglae

ters. The means by which these operations are accomplished

are very similar to those applied in the rest of the Arithe

metic Unit (except that complements are on 28 instead of 1),
The arithmetic operations on the exponents will

be controlled so that the most positive exponent will oce

cupy the shifting register formerly occupied by (a), and

the difference between the exponents will occupy the shifting }

register formerly oceupied by (b)e Shifting control for the

‘ rest of the Arithmetic Unit will be supplied by the (b)

: ; L\ register, and will be accomplished by allowing the Arithmetic

| Unit to continue shifting A or B until the "Coincildence

Detector™ shows that the number in (b) matches the setting
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of a minor arithmetic cycle counter, at which time the
arithmetic operation is performed and the result shifted
the required number of plasces. ZXach shift of the result
requires sdding or subtracting 1 from the (a) register,
depending on the direction of the shift.

For multiplication and division, the exponent unit
wlll be controlled to yield the signed sum or difference,
respectively in the (a) register; in addition the sign of
the result of the arithmetic operation on A and B will be
stored there. The (b) register 1s not needed for control

in these two operations.

ce Shifting in Addition and Subtraction

The method of shifting numbers in the arithmetic
unit will be described with the aid of Figure 12. In this
figure the output of the reading heads of the recirculators
are shown to be obtainable at three different times (in the
result track there are five), they are: 43, 44, or 45
digit-times later than the time of writing. Since the
length of a minor arithmetic eycle 1s 44 digit-times, the
use of the output with 44 digit-time delay to recontrol
the writing will cause each of the digits to reappear at
the same point in every minor arithmetic cycle, The use of
the output with 43 diglt«time delay to recontrol the writing
will cause the digits to appear one digit-time earlier each
minor arithmetic cycle. Since the earliest digits are the
least significant digits, the 43 digit~time delay causes a




é2
shift of the number to the right of (away from) the binary
point and at the rate of one digit per minor arithmetic
¢ycle. The use of the 45 digit~time delay causes a shift
to the left of the binary point.

Returning to the addition and subtraction opera=
tions (Figure 12), the four extreme cases can be classified
according to two operational requirements: (1) maximum
shift of one of the operands, or (2) maximum shift of the
result. Class (1) requires 39 shifts of one of the operands
before performance of the arithmetic operation, and inspecw
tion of the 4lst digit (if addition occurs) for a possible
"ecarry® in the most significant position, or inspection of
the 40th digit (if subtraction occurs) for a possible
"borrow" in the most significant position; the possible
shift of the result requires the 40th minor arithmetic
eycle., Class (2) requires either zero or one shift of one
of the operands, performance of the operation (only subtrace
tion causes difficulty) and sequential inspection of the
lesser significant figures until a 1 is found or until all
digits are shown to be zero., The operation of the Arithe
metic Unit is such that three of four cases may be planned
without difficulty, but the fourth case requires the addie
tion of a delay unit to the result memory track (there are
a number of ways to take care of the fourth case, but this
appears to be the least complex). The three cases contain

all of class (1) and "no shift" in class (2). To prepare
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for the three cases, the arithmetic unit will be initlally
instructed to shift both numbers one place to the right of
the binary point during the second minor arithmetic cycle,
and during this same cycle the sum [A-+(1-Bﬂ 1s to be
stored in the result memory track with one shift to the
left of the binary point. This leaves the Arithmetic Unit
in a position to continue shifting one of the operands, and
to shift the other one back, upon receipt of instructions
prior to the third minor arithmetic cycle; the result which
may require 39 shifts is also avallable if the instructions
require it. The fourth case cannot be planned in any sim=
ple manner, so it will not be carried out until instructions
appesr, and the additional shifts which the result requires
will be performed by an extra delay unit. This will be
taken care of during the last minor arithmetic cyele, when
special control voltages are made avallable for several
other operations. (Actuslly two extra delay unlits will be
provided in the result memory track to simplify the Extract
operation, so no apprecliable contribution to complexity is

required,)

de Multiplication

The multiplication eircult is shown in Figure 13,
In each minor arithmetic cycle the multiplication circuit
multiplies each dlglt of the multiplicand by one digit of
the multiplier (successively more~significant digits), and

the new set of partial products are asdded to the shifted
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previous sum of partial products (shifted one place to the
right of the binary point)e The multiplication process is
particulerly simple, for multiplicetion by 1 or by O are the
only cases; multiplication by 1 requiring only the addition
of the multiplicand to the shifted previous sum of partial
products; multiplication by O requires nothing to be added.

Since 1>A,B>1/2, 1>A+B21/4, this implies the
necessity for inspecting the digiteposition 1/2 when the
operation is completed; if zero, the result must be shifted
one place and a 1 must be subtracted from the algebraic sum

of exponents in the exponent register,

ée Division
The division clrcult is shown in Figure 14, The
conditlon on the division process which enables carrying
out the process in 40 steps, is that the dividend 1s less
than twice the divisor. Since the numbers, A and B, satisfy
1>A,B>1/2, then 2B >A (exponent values ignored)e. The proe
cess of division will be carried out essentially by con=
tinucus subtraction, but with a slight modification:
Let: A = R, (remainder after zero steps)
B=D (divisor)
q, be the nth generated quotlent digit
(n 1, 2, s.0)
N
QN==32% q, ° 21°N pe the N place quotients

The normal process:

Ry = 2 . D = Ryl
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Ir Rnﬂ. 18 negative, make Qn+1 = O and:

-~ 2*0, D+2"B, D = 2"R"l g o 2*B*l, p=
n +2

The modified process:
Rnp = 2°8 ¢+ D =Rpyy
If Rn4) 18 negative, make q, 4y = O and:

Rp = 2°B ¢ D+2°P"1 ¢ D-R, 3 +2"B~1 . D=Ry,p

The results are identical, but the steps required
in the latter cese are equal to the number of quotient
digits generated,

As pi-oor that the condition on division is sufe
ficient when utllizing this divisional process: (only 40
digits can be considered)

%d:{% 2l=n =2 -' 2°39 (a11 Qp's being unity ylelds

n-1 largest Q)
where 2 = 2°39 15 the largest possible 40-digit number, N,
satisfying N<2, so:

(2 = 2°39) ¢ D = Rge

A properly controlled division circuit is, then
capable of carrying out the divisional process with the
numbers A and Bs It follows from the above that
Rp » 28<2 « D, and also that |Ryle 20 <2 ¢ D, which will
be of great importance in setting up the divisional process,
To attaln maximum accuracy the full 40 significant digits
of D will be retained, the remainder, R,, will be shifted
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one place toward the binary point each minor arithmetie

eycle, ylelding:
Ry, * 28 « D =Ry ,y * 2% (for R, positive).

Although R, satisfies IR |+ 22< 2 « D, 1t does not necessare
11y satisfy IRyl+ 2P <1 (this 1s necessarily satisfled only
for R,>0), so that complements must be taken on 2 rather

than on 1l¢ Since D<1:
R, » 28+ (2-D)<2+D<2+1
also: (for positive Rp)
Rp » 2% +(2-D)>2 - D>2 -1

This makes possible the use of either the digit
position 2 or 1 of the remainder (digitatlmes 42 or 41) as
a check digit (to check sign of R, and to obtain the quo=
tient digit) for the result. The digit in the digliteposie
tion of 2 1s equal to the quotient digit, for if Ry »2">D,
then Ry, *+ 2B +(2«D)>2, and if Ry + 2B <D, then
Rp * 27 +(2+D)< 2+ The digit in the digiteposition 1 of the
remalnder is as good an indication, since it is just the
aslternative to the quotient digit. The case of a negative
En resulting from the subtraction (addition of the complement
on 2) of D, yields the complement of Rpe Since the result
of this operation yields actually 2 =|Ryls 2P~1, the value

|RnI° 2n°1<:1, 80 the complement may be considered to be
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taken on 1, which 1s sccomplished by not writing either of
the digits in the digit-positions of 1 and 2, The shift
of 1 «|Ryl ¢ 271 y1elds 2 =Ryl e 27 for the next operation,
which 18 the desired value,

The complete dlvisional process is acecomplished
by reading in A and B, recording the first 40 digits of
A +(2+B) in the "A" memory track and B in the "B" memory
tracke The digit in the 42nd digit~time (or the opposite of
the 41st dlgit) is retained in the "carry" unit and will be
written in the "result" (or "R") memory track during the
3rd digit~time of the following minor arithmetic cyecle.
This quotient digit 1s avallable for control for the next
operation, and if 1t ia a 1, the following operation is
agaln to be the sum of 2R+ (2«B), where 2Ry is the
shifted 40-digit value of A+ (2«B); if the quotient digit
1s 0, the following operation is to be (2« 2Ry)+ B, where
(2~ 2R;) 1s the shifted 40=digit value of A * (2«B) as be~-
fore, Agaln the new quotient digit is found in the 42nd
digit~time and 1s held over until the 3rd digit-time of ‘the
following minor srithmetic cycle, the previous quotient
digit being shifted one place toward the binary points. This
process yields 40 binary digits and 1>A,B>1/2, 2>Q>1/2
implies the need of inspecting the digit position of 1, to
determine the possible shift required. If a shift is
needed, the addition of 1 to the algebralc sum of (i) a =
{*)b 1s required,
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fs Extraction

The extract operation is also performed in the
Arithmetic Unit (see Figure 15). In the extract operation
the full 50~digit numbers are to be kept circulating, and
they are to be kept circulating with the 55-digit minor
memory cycle period. This is accomplished by connecting
the 10-diglt exponent shifting registers in series with the
presently avallable 45«digit srithmetic memory tracks,
totaling 656 digits of delay. The two tracks used in this
case will be the "A" track and the "R" track, the "R" track
being used because it has two additional delay units,
totaling 57 diglt-times. The shift of B (in the "R" track)
is under the control of the Order Interpreter, which has
atored in the D and E unita the information: (1) digits
31=36 specifying the digit in A, with which the replacement
beginss (2) digits 37, 38, 41~44 specifying the number of
digite in A which are to be replaced; and (3) digits 45-50
specifying the digit in B which begins the replacement. To
obtain the proper controel information, the digits 45«50 are
to be replaced by (45-80)=(31«36), where () means the num~
ber specified by the included digltespaces; the result of
this subtraction ylelds the number of places that B must
be shifted, and the sign of the rgsult yields the direction
of the shift. Since shifts up to\SO places may be required,
and since only 40 minor arithmetic cycles are avallable, the
allowance of 2~place shifts afforded by the 57 avallable
digit-time delay in the "R"™ track, is necessarye
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The process carried out 1s: (1) shift B the rew
quired number of places (B is in the "R" track), (2) write
A into the "R" traek until reaching the digit speecified by
31»38), (3) retailn B for the number of digits apecified by
(37, 38, 41=-44), and (4) recommence writing in A until 50
digits have been recorded. The desired result 1s now availe
able in the "R" memory track, and will be read into Short
| Memory during the first minor memory cyecle of the following

ma jor memory cycle.

7. Input and Output
This section covers the Imput and Output Units

(see Pigure 16)o It is planned at present to use punched=
tape in input and output devieces, but to speed up the
transfer of information between the magnetic drum and these
devices by utilizing a portion of the magnetic drum as inter=
mediate memory. The method which will be employed, is to
supply two 32-word memory tracks for each of the two funce
tions, furnishing a 64-word memory for each. The input
memory system will receive several digits at a time from
the input tape, recording these digits in a particular word
position, when a complete word has been received and stored,
the following word position will be the recipient of the
next digits. This will continue until the 64~word positions
are filled with new information, at which time the input
tape 1s stopped, When a Read=in order is received by the

computer, these words will be read into the "result" Short
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IV. EVALUATION

In evaluating the proposed computing machine, the
greater emphasis will be placed upon the model to be built
at the Unlversity of Wisconsin, the WISC, essentially be-
cause more concrete statements may be made about its ex=~
pected operational characteristics. The evaluation will be
made with respect to problsm preparation and programming,
accuracy, speed of operation, and physical complexity.

In simplicity of problem preparation and programming,
the integrally synchronized computer combines some of the
better points of a number of the other computers. It incor=
porates the "floating point"™ feature, whichhas previously
been included only in the relay computers. This will
greatly reduce the labor of determining the most desirable
arrangement of operational steps and scale factors, for
with a fixed point the numbers must not only be kept smaller
than a fixed limit, but, for accuracy, they must not be ale
lowed to become much smaller. It should be noted that this
feature may be programmed in many of the other computing
machines by a serles of logical operations, but the resulte
ant speed of operation is greatly reduced.

The second feature which simplifies programming is
the uniform accessibllity of the memory; that is, no pre~
ferentlal sequencing of orders and numbers within the memory
oxists, for the full memory capacity is made avallable for

the procurement of each desired number and order. This
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feature 1s shared with the IAS Computer (Princeton, N.J.)
and the EDVAC (Aberdeen Proving Ground, Md.)es The uniform
accessibllity of the memory completely eliminates the study
of the interrelationships between operational sequences and
apportionment of storage locations which yleld the highest
rate of operation the computing machine is capable of
attaining.
) . The third feature does not have such an evident

advantage, the feature being a three-address order system

rather than a single-address system; its actual sdvantage
belng dependent on the operstional properties of integral i#
synchronization. In the majority of the computing machines 1
i ; b a saving of time may be achieved by use of a single~address W
order system, for numbers which are to be used in succes= M
slve operations may be retained in the arithmetlic unit, o
saving the steps of storing and/or recalling them from the
memory system. In the integrally synchronized computer the |
full set of steps for the three-address order system are i
done simultaneocusly, requiring precisely the same length of
time that would be required 1f the orders were of the singlee w
address type. The three~address system has, as a result,
at least one advantage for programming simplicity, for no
attention need be pald to the order of arithmetical operaw
tions leading to the most efficient use of times A second,

but more tenuous advantage, 1s that the three-address order

system corresponds to a complete arithmetical operation
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which is generally a more famlliar concept than the subw
arithmetic operation employed in the single-address system;
the argument of familiarity is, of course, only velid in
the case of a relatively inexperienced programmer. A foure
address order system is used in the EDVAC, The fourth ade
dress system automatically reads orders from sequential
addresses. |

‘ In fairness, it should be admitted that the adw
vantages glven in the foregoing are dependent on the variety
of problems which are to be solved in the computing machine,
for 1f the same type of problem is to be solved for a large
number of cases, the ease of programming becomes relatively
unimportant. The uses of the WISC at the University of Wise
conaln are expected to consist of 2 large number of greatly
differing problems, each to involve a relatively small nume
ber of cases, hence the importance of simplicity of problem
preparation and programming,.

In accuracy of computation the integrally synchro=
nized computer compares very favorably with all of the rest
of the computing machines. This machine handles numbers in
the formtpoatq, where p 1s expressed by 40 binary digilts,
approximately equivalent to 12 decimel digits; q ranges from
0 to 255, ylelding an approximate variation of 10*”5. The
40 binary diglts are about as many as are employed in any
of the computing machlines, end the floating point feature
allows the sustained utilization of the 40 significant
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figures throughout the computation, aceruing errors due to
round«off but not due to variation in size of numbers. If
greater accuracy 1s needed, it 1s possible to program arithe
metical operations to achleve 80 binary digits accuracy, as
is possible in most of the other ecomputing machines.

The speed of operation of the integrally synchro~
nized computer 18 directly proportional to the presentation
rate of digits, since an arithmetical operation is performed
every 1,760 digit-times. If mercury delay lines were to be
employed in the memory system, presentation rates of one
digit per microsecond could practically be realized, ylelding
an operation time of 1,76 milliseconds for all operations.
The WISC will employ a magnetic drum, presenting digits at
the rate of one digit per ten microseconds, ylelding an
operation time of 17,6 milliseconds (actually about 17 millie
seconds is closerbto the operation time)e The 1,76 millie
seconds 1s about the average time for the electronic com=
puters which utilize the mercury delay line as a memory
devices The operation time of the WISC is conslderably
slower, but no figures are avallable for comparison with
other computing mechines utilizing a magnetic drum as a
menory device (the comparison must be made with the average
operation time during computation, not with the minimum
achievable time). Comparison of operation time 1s quite difw
ficult, for in the integrally synchronized computer it is

constant, whereas all of the other electronic computers
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require different smounts of time for each of the arithmew
tlcal operations, and each of these times must be welghted
with their rrequ;ncy of occurence in computation before an
average operation timé may be determined, It should be
stated that the WISC will definitely achieve the speed of
operation of a number of electronic computing machines, even
though 1t cannot be considered as a high-apeed electronie
computers

The comparison with regard to physical complexity
can only be made with predicted requirements; these predic=
tlons are based on preliminary studies of component require=
ments and upon the design and testing of a number of basie
units. These preliminary studies and tests have led to a
prediction of requiring in the neighborhood of 400 vacuume
tube envelopes, but the actual number cannot yet be fixed.*
The use of magnetic amplifiers is belng considered, but no
coneclusions have yet been reached.

It seems clear that the integrally synchronized
computer represents a loglcal design which incorporates a
number of desirable features: (1) simplicity of problem
preparation and programming, (2) sufficient accuracy, en=

haneed by the floating polint, for solution of most problems,

* This number of vacuum tubes will not be supplemented by a
large quentity of germanium diodes, such as are employed
in meny of the electronic computers, for the functions
performed by most of the vecuum tubes will be those of
shifting registers and amplifiers rather than performing
logical operations.
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(3) a speed of operation comparable to that attained by most
electronic computers (the WISC being a relatively slow verw
sion of the integrally synchronized computers), and (4) a
very consliderable reduction in the physical components

needed to satisfy the requirements.
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APPENDIX I
PROGRAM OF A SIMPLE CALCULATION

As an 1llustration of the process of programming
in a computing machine of the nature of the one described

in this thesls, a very simple calculation will be employed,

This calculation will be programmed twice, the first time
ignoring the necessity for acqulring some of the numbers

from "Short Memory" addresses and the second time including

them.

The calculation chosen is the evaluation of the
polynomial f(x) =x% « 7x=6 for values “2:5& X< 3.5, where x 1
1s to be taken in steps of 0.1 throughout this rangee |

The programming procedure will firat be outlined

and then carried oute ' 1

ao Outline 1
The Setup block will conslst of placing X,(=2.5) §
in the proper storage location, i.e. where it is called for j
in the various orders, and that the location for the storage g
of f(x,) is properly specified, |
The Operation block will conalst of generating
f(xj) from x3 and storing r(xJ) in the specified address.
The Alternative block will consist of compering
x4 with xp(3.5) to see if the range of x has been coverede

Provislon for the transfer of the calculational process to
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the proper roilowlng block, depending on the results of the
comparison, must be made,

The Substitution block will consist of adding 0.1

to X3 to obtaln Xy¢l- changing the speciflied address for
storage of r(x5+1) 80 that it will not replace snd annihilate
f(xj), and then transfer to the beginning of the Operation
block for the following calculation, Sequentisl storage
locations will be chosen for the f(xj) °

The Completion block will consist of ordering the
printing of the 61 values of f(x) and then halting the

machinee

be Programming
Storage of constants

0 = save this for results of intermediate operations.
1 - store x,(~2.5) in this address.

- store Ax(0.1) in this address.

- store the coefficlent (7) in this address.

2
3
4 = gtore the coefficient (6) in this address.
5 » store xp(3.5) In this sddress,

6

« store 1x2720 1n this eddresss This number is used
to increase the storage location of f(xj) by unity
for f(XJ..,l)

Setup Bleck
This block really needs no programming, for the
value X, can be obtained directly from the assigned storage

location and replaced by X3 for the rest of the points.
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Operational Block

Since the constants and space for storage of inter=
mediate results only occupy the first 7 addresses, the first
order in thls group can be placed in location 8, and the
rest placed in sequential locations. (This is advisable,
since the Read=in order reads information into sequential
storage locations, non=-useful information would be required
to fill the gap between constants and orders, or else two

Read~in orders would be reqguired.)

Illustration of Programming Symbolism
7 [;, 1, O,'M;] the order in address 7 specifies multi=
plicatlon of the number in address 1 by

itself and to store the result in ad-
dress Os

Program

7 {1, 1, 0, ¥,] x2 stored in 0.

8 [0, 3, 0, 8,] 22 = 7 stored in 0,

9 [i, 0, O, M;] xo(zg - 7) stored in O,

10 [o, 4, 17, 8,] =8 - 7x, - 6 = £(x,) stored in 17,
This completes the coding of the Operation Block.

Alternative Block

Again these orders should go into the followlng addresses.
11 [5, 1, 15, C,] 3.5 « x, 1s checked for signe

If the result is positive, the machine reads the order

in address 12, if negatlive, the machine reads the order

in address 15.
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Substitution Block

12 [2, 1, 1, 4,]  x,+0.1=x) stored in 1 (x4,)
, réplaces x3

13 [6, 10, 10, ] 17x2720 +1x220 gtoreda in 12
[address for f(x4,7) replaces the
address for f(xjfi.

14 [ » s 75 T,] transfer to the order in sddress 7.

The machine now repesats the former process with a new

value of X

Completion Block

18 [17, 78, 16, 0) Resd=cut the numbers in addresses
17 to 78 (61 numbers), then read
the order in address 16,

16 { » » » H] Halt the machine.

Remarks

The machine calculates the values of f(xj) and
stores them in the locations 17, 18, = = «, 77, then prints
out these resultse.

The information required by the machine is the set
of constants and the orders, these muat be provided by the
input device in the proper order so that they are stored in
the specified memory locations. The machine must also be
glven a manual instruction to read this information into
itzelf and then proceed to carry out the first order. The
Read=in order 1s:

[1, 17, 17, I;] Read-in words into locations 1 up to 17,
then carry out the order in location 7s

The information must be supplied by the input device in
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this order:
=265 These will be stored in: 1 W
.8 4 fﬁ
3¢5 5 ;
: 1x2~20 6 lﬁ
) , ‘ [1: 1, 0, Mo] "
- lo, 3, o, s,] 8 %I
‘ [1, o, 0, u,) 9
lo, 4, 17, 8, ) ) 10
' 5, 1, 15, C,) 11 |
| l2, 1, 1, 4, ] 12 ]
] [&» 10, 10, a,) 13
f L, 5 »md 14 ]
l (17, 7, 18, 0} 15
s » »H5) 16
L
Cco Program with Short Memory Addresses (see Chapter II) %
The arithmetical operations in the Operation bloeck ﬂ
frequently call for numbers which are the results of the ﬁ
previous or next previous operation. In such cases these €
numbers must be obtained from the output of the Arithmetie ﬁ
i ] unit or from the "Result" recirculator in the Short Memory, ;J
| respectively, for they have not yet been filed Into Standard %2
Memory. The destlnation of the result must be stipulated 9@
I8
I
i
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in each order, but this result 1z frequently required before
reaching its destination,

The "Short Memory" addresses will be stipulated in this

fashion: , 1

[a, b, ¢, (1,0)M;} ignore address a, get number from
the Arithmetic unit. 3%

[é, b, ¢, (O,I)M;) ignore address b, get number from @
the Arithmetic unit. {

[a, b, ¢, (2,0)MJ ignore address a, get number from L
Short Memory.

etce 3
These may occur in pairs as well:
[a, b, ¢, (1,2)M,] ignore a and b, get these numbers g

from the Arithmetic unit and Short
Memory, respectively.

New Operation Bloek Program k ‘ﬁ
7 {1, 1, 0, (0,00M,] =2 stored in 0,
8 [0, 3, 0, (1,0)8,] X2 = 7 stored in O, 1
9 {1, 0, 0, (0,1)M,] x,(x2 = 7) stored in 0. |

10 [0, 4, 17, (1,0)8,] x3 = 7x, =~ 6=1(x,) stored in 17

\
This 1s all of the reprogramming required. The A
new set of information supplied to the input device will be i

(Read~in, Readwout, Halt and Tranafer orders have no "Short iﬁ

Memory" addresses): ‘ L

25 to be stored in:

o
.
[}

O I Y




@, 1, 0, (0,00M,] muitip1y
o, 3, 0, (1,0)s,] subtract
[, 0, 0, (0,1)4,] miltiply

lo, ¢, 17, (1,0)8,) subtract
[5o 1, 15, (0,0)C,] compare
(2, 1, 1, (0,0),) ada

kb, 10, 10, (0,008} aad
Ls » »T)
7, 78, 16, 0,]

[ ’ » » H,] halt

transfer

read~out

© ® a4 O o

10
11
12
13
14
15
18

83
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APPENDIX II i

SURVEY OF PRESENT MACHINES

i ; 9 The survey of computing machines presented in
this chapter is not intended to be exhauative, with regard

to either the machines included or the information perw=

| ; taining to them, but rather to present a few characteristics
v appropriate to the evaluation of the proposed computer,
These characteristics will include operating speeds, inter-
nal memory capacity, ease of programming and complexity.
Three relay computers, two mixed relay and electronic com=
puters and four electronic computers will be conslidered.™

l. Harvard Mark I Calculator (IBM Automatic Sequence Con-
trolled Calculator

The Mark I employs relays for switching and IBM
counter wheels for storage and for arithmetical operations,
The Machine's elements are (1) the sequence control, which
f 4 i directs the programming from punched tape, (2) three inter=

polateors, which are tape«fed units for selecting data re-

quired in the interpolation process, (3) functional counters

for controlling the interpolatlion of functlions, and for come

puting logarithmic and trigonometric functions and printing,

(4) 2 multiplying-dividing unit for 23-digit accuracy, (5)

72 storage counters for the lntermediate storsge of results

# These statistics were obtained from "High~Speed Computing ;
Devices™, by the staff of Engineering Research Associates, g
Ince, Chapters 9 and 10,
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up to 23 diglts capaclity, used for erithmetic operations and
accumulation, and (6) a storage unit with a capacity of 60
23~digit decimal numbers which can be introduced to the
machine by manually setting dial switches,

Arithmetic operations are performed to 23 decimal
digits, but instructions can be introduced for 12 or 46 digit
operation, Addltlon and subtraction are accomplished in any
of the 72 adding-storage reglsters and require 0.3 seconds,
Multiplication and division are performed in the multiplicae
tion~division unit and require about 5.7 seconds and 1543
seconds respectively. Calculation of logarithmic and simple
trigonometric functlions are generated by arrays of relay
elements and require about 1 minute to be generated,

The programming involves controlling the opera-
tions of the 72 adding-storage registers as well as the rest
of the components., (A register is a mechanlcal or elec=
tronlc device for storing a number, and may or may not be

able to perform the function of addition,.)

2, Harvard Mark IJ Calculator

The Mark II employs relays for the internal stor=
age of numbers, for the transfer of numbers, for performing
the basic arithmetical operations, and for sequence control
of these processes; the releys totaling 13,000, The machine
handles 10~digit decimal numbers and uses the floeting deci~
mal point. About 100 10-digit decimal numbers can be atored

in the machlne; additional internal or intermediate storage
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may be supplled by punching data on tapes for introduction
to the machine at a later time,

A number N is represented by the calculator as
N=1p x 10J where 1&£p<10 and =15< J<15, Addition and
subtraction require about 0.2 seconds for the complete opere
atlon, and multiplication requires about 0,7 seconds, Divie
sion 1s accomplished by multiplying the reciprocal of the
divisor.

Six algebraic and transcendental functlions are
stored permanently within the machine; the reciprocal, the
reciprocal sguare root, the logarithm, the exponential, the
cosine and the arctangent. These functions may be computed
to elght or nine significant digits in from 5§ to 12 seconds
1f the function and argument 1lie within the digit capacity
of the machine,

The mechine has 12 input mechanisms, each emw
ploylng punched tape., Four of these supply commands, four
supply numbers, and the other four are used for supplying
the calculator with coded tables of functions.

It 18 interesting to note that the Mark II can be
operated as a whole on one problem or can be split into two
parts and each operated separately.

Programming again involves controlling the computer
components, but in this machine there are only two adding

registers compared to the 72 adding-~storage reglsters 1n the

Mark I and four multipliers compared to one,
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3o Bell Telephone Laboratories' Model V

The BTL Model V consists of two computers, each
containing all the components needed for dealing with a come
putational problem with the exception of tape reading devices
which are used in common. The BTL Model V contalns mere
than 9,000 relays and about 50 pleces of teletype equipmente.

Each of the computers contains 15 storage regis-
tera; 8 sign registers; a calculator for the basic arithmes
tlic operations and square root extraction; a routine conw
trol for directing the execution of instructions to the
computer; a BTL register, for "bloek=forming", or number-
grouping, trigonometric, and logarithmic operations; a table
reglster and table control for receiving and storing numbers
read from table tapes; a problem=registering problem control
for recelving and storing numbers from sections of the probe
lem tape; a printer~registering printer control for receiving
numbers from various parts of the machine and directing the
process of printing and perforating; a discriminator, which
selects one out of several possible methods of computation
and directs the machline to perform one; a recorder table,
which contalns a printing reperforator, a tape transmitter,
and a distributor.

Like the Harvard Mark II, the BTL machine uses the
floating decimal point, each number consisting of a decimal
number of seven significant diglts multiplied by an appro=
priate power of 10s In this machine the exponents include
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the range =19 to+l9. Addition or subtraction requires about
0s3 seconds, multiplication 1.0 seconds, division 2.2 secw
onds and square roots about 4.3 seconds.

For problems of medlum complexity, usually one
computer 1s used for carrying out the computation. For
large problems, the two computers are assoclated by the
problem programming, and both are used simultaneously during
the computation. The setup time has been reduced by prow
vision of more problem setup poasitions than can be used at
one time. In the Aberdeen installatlon there are two com=
puters, but there are four problem positions. With this
arrangement two problems can be set up on the two idle po-
sltions while the computing equlpment 18 actively using the
other two. As soon as elther one of the two problems has
been completed, one of the standby problems is automatically
connected in.

As 1in the other machines, programming requires

controlling the opserations of all of the reglsters,

4, IBM Card-Programmed Electronic Calculator

This calculator comblnes several IBM units to form
the complete machine.

It uses the Type 402 or the Type 417 Accounting
Machine as the master control unit and printer. The program
for a calculation is contalned on a deck of cards which are

fed into this Accounting Machine., EXach card carries an

elight-diglt instruction which specifies the locations in
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storage of the factors to be operated upon, the operation

tec be performed, and the disposition to be made of the re-

sult,

For internal storage, the calculator uses the 80
mechanical counters with which the accounting machine is
normally equipped. A complete record of a calculation ean
be printed at the rate of 150 lines per minute.

Cards are used for external storages A Caleula~-
tor Punch, Type 521, 18 used to prepare these cards and also
to record on cards the results of the calculations, Either
one or two Supplemental Storage Units, Type 941, may be
used to provide storage for 16 or 32 10-~digit signed num-
bers relayed to it from the Type 604 Electronic Caleulator,
The Type 604 Electronic Calculator is used to perform the
various arithmetic operations. Additions or subtractions
are performed faster than 2,000 per second, multiplications
or divisions at 36 a second, and any of these may be com=
bineds The total time required to carry out the instruction
on a card, however, 1s determined by the rate at which cards
are supplied, l.e., 2.5 per second, but the instruction may
require a rather complex series of arithmetical operations.

The programming for the IBM«CPEC requires two d4if-
ferent kinds of operatlions: (1) wiring plugboards for

each of the units so that the machines wlll carry out the

desired operations upon receipt of coded instructions, and
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{2) punching cards with the coded instructions for the de~

sired operations at any point in the calculatione

This machine 1is at present in use within the

University of Wisconsin Computing Service,

5¢ The IBM Selective Sequence Electronic Calculator

This calculator employs vacuum=tube circuits for
arithmetie operations and for high-speed storage, switching,
and other control orders. Relays and punched tape form
secondary storage units.

The calculator uses card-stock tape of width equal
to the length of the standard IBM cards, so ample space 1s
provided for representing 19 diglt decimal numbers and
algebralc sign per line across the tape (representation of
the number is in binary or binaryecoded decimal).

The internal storage capacity of this csleculator
totals about 20,000 19-digit numbers with their algebraic
signe This internal storage is divided among electronie,
relay snd punched-tape units. Electronic storage 1s proe
vided for elght numbers, relay storage is provided for 150

numbers, and the punched-tape unlts provide storage for as

many as 19,840 numbers. In additlion to the punched tape ine

ternal storage the machine has table~consulting units which
utilize punched-tape, and can store an additional 5,400
numbers,

The internal punched-tape storage system 1s com=

prised of three units, each having a punching unit and ten

|
i
‘
‘i
i
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reading stations. The table-consulting units consist of 36
punched tapes and corresponding reading stations,

Additlion, subtraction, multiplication and division
are performed by electronic~vacuum tube counting cirecuits,
and this calculator contains more than 100 electronic counting
units which can be combined for arithmetiec operations, The
counters will add or subtract two 19-diglit numbers in less
than 10 milliseconds, they will multiply two l4-digit num~
bers to yleld a 28-digit product in 20 milliseconds, and
they will perform division of two 14-digit numbers to form
g8 l4~digit gquotient in about 30 milliseconds,

The programming, as before, requires the controlling

of the counter units and the other componentse

8o The ENIAC (Electronic Numerical Integrator and Computer)

The ENIAC is the first large scale machine to make
use of electronic circults for general operations except
for input, output, and cerfain switching functions. There
are 40 separate panels with a total of approximately 1,500
relays and 18,000 vacuum tubes.

The input and output units for the ENIAC are
standard IBM equipment for reading and punching cards. The
numbers read ln by the card reader are stored in relay banks,
called the "constant transmitter", which makes these numbers

available to the operating components of the machine when

requireds
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The ENIAC is provided with two types of internal
storage in addition to the "constant transmitter", one type
1s a set of 20 electronic cocunters or accumulstors which
perform the arlithmetical operations as well as serving as
Qn intermediate storage medium; the other type of internal
storage 1s provided by two portable function tables. The
baslc dlfference between these two types of storage 1s that
data can be stored in the electronic accumulstors by the
machine itself, whereas only the operator can store data in
the function tables. The storage space available in the
function tebles is determined by the complexity of the probe
lem, for this space, 3,000 decimal digits, is shared by the
orders which are supplied to the maschine.

Addition and subtraction are performed in any of
the 20 electronic accumulators, each of which holds a signed
10~digit decimal number, and are carried out in 6 millisece
cnds, Multiplication 1s performed in 4 or 6 of the accumu=
lators, for 10 or 20 significant digits, snd is controlled
by 3 additional panels in the computer. The time required
for multiplication is 8 milliseconds. Division and extrace
tion of square roots are performed in 4 asccunulators, conw=
trolled by one additionsl panel, gnd require about 20 millie
seconds to completes

The ENIAC was originally provided with hand-set

plug connectors to wire the various units into proper se-

guence, but thls arrangement has since been changed by the
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addition of a "converter". The converter energizes any one
of 100 llnes, determined by & pair of decimal digits, thus
initlating the desired operation, The programming requires
manually setting the two~digit orders, in the desired see

quence, on the portable function tables,

7¢ The EDVAC (Electronic Discrete Variable Computer)

The EDVAC 1s unique among the computers considered
In this thesls in that it utilizes completely serial operaw
tion and alsc because all arithmetic processes are self
programmed, i.e,, 1t 18 not necessary to bear in mind the
operational properties of accumulators in order to program
the computations,.

The computer has an internal memory cépacity of
1,024 44-digit binary numbers, one of which 1s the alge=
traie signe This memory consists of 128 acoustlec delay
lines (mercury~filled tubes), each of which holds 8 num=~
bers in continuous circulation. The internal memory is
used for storage of both numbers and orders, and the divie
sion is at the discretion of the programmer.

Addition and subtraction require about 1 millie
second, ineluding all transfers of numbers. Multiplication
end division require asbout 3 millisecondse Arithmetic opere
stlons may be performed to double precision, or to 86 sige
nificant binary diglits. The EDVAC has two separate arithe

metie units which may be connected to a comparison unit, and

hence can detect errors.
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Input and output for the EDVAC are furnished by
punched tape, but higher speed devices are being designed
and constructed. The total number of vacuum tubes in the

EDVAC 1s about 3,500,

The programming is accomplished by supplylung the

desired set of 4-address orders to the machine. The 4= 4
address order in general specifies a complete arithmetical ?
operation, that is, it specifies the location of the two E
operands, the operation to be performed upon them, the lo=
cation in which to place the result and the location of the
following order to be read. In contrast to the 4-address
order, most computers use a single-address order, specifying
the desired operation to be performed with each individual
number, and consequently requires a much larger array of

orders, approximately four times as many orders are required,

8¢ The UNIVAC (Eckert-Mauchly Computer Corporation)

| The UNIVAC 1s unique among all computers for two
reasons: (1) the large number of self-checking features
provided and (2) the large amount of intermediate speed
storage. These computers are being.built to handle large
problems of a statistical nature (built for the U. S. Census
Bureau, USAF, and Army Map Service), and hence require both
of these unique features to a high degree,

Part of the self-checking features are provided by

the representation of numerlcal and alphsbetic data, A char- t

acter, number, or letter, 1s represented by 7 binsry dlglts
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and, since 6 digits are sufficient to cover the range in~
cluded, the seventh digit is used as a check digit. The
check digit is chosen as a zero or a one such that the sum
of digits in a character 1s odd. All data handled by the
machine is checked in this way, and perlodic checks are
made of all characters stored 1n the high-speed memory. In
addition the arithmetic operations are performed in duplicate
and compared, Any error causes the machine to halt the
computation and to indicate the nature of the fallure.

The input and output units for the UNIVAC are magw
netic tape resders and printers. The magnetic tape fur-
nishes the exceedingly large memory capacity, totaling more
than one million characters per reel of tape and provision
for connecting the computer to any of ten such reels. The
high speed internal storage 1is supplied by acoustic delay
lines, and furnishes storage of 1,000 1ll-digit numbers,

Addition and subtraction are executed in less than
O¢6 milliseconds, multiplication requires sbout 25 millie
seconds, and division less than 4.0 milliseconds, Eilther a
22-diglt product may be obtalned or an 1l-diglt product with
proper round off, according to the instruction used.

Informetlon regarding the amount of equipment or

the programming for handling alphebetical data is not im~

mediately available.
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9o The IAS (Institute for Advanced Study Computer)

The IAS eomputer 1s one of the highest speed machw
ines to date, performing complete additions and subtractions
in less then 100 microseconds. Multiplication and division
require about 300 to 400 microseconds. This machine is not
yet in operatlon.

Mixed 1input and output systems are planned.

Punched tape will be used for the initial coding of problems,
and the data wlll be transferred from the punched tape to
magnetic wire for input to the machine. The same system will
be usged in reverse for output. This system allows essen-
tlally continuous transfer from punched tape to magnetic

wire at a low speed and a discontinuous, intermediste speed
transfer from the magnetic wire to the internal high speed
memory of the computer,

The internal memory if the IAS computer is fur=
nished by a bank of 41 eathode~ray tubes, which store binary
digits as charged areas on the screen (Williams tubes).
Storage for 1,024 40-digit bilnary numbers is supplied by the
memorye. The operation of this memory is completely parallel,
that is, each tube stores one digit of a number, and in core
responding positions of the Williams tube screen.

The total number of vacuum tubes in the IAS computer
is expected to be about 2,000,

Programming for the IAS computer is similar to that

of most, that is, the operation of accumulators mubt be con~

trolled for each number handled in the computation,
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The foregoing survey of computing machines has
presented the trend of design in speed of computation and
in internal high-speed memory capacity. In actuallity these
two properties are not independent for high speeds of compu~
tation require a correspondingly rapld supply of orders and
numbers, and, since in most calculations the operations are
lterative, a sufficlently large supply must be maintained.
It 18 also interesting to note that the electronic computers
have not incorporated the floating decimal (or binary) point,
as did the relay computers. The introduction of a floating
point would require a great deal of additional equipment for
most of the electronic computers so, since probiems can be
erranged for sclution without it in most cases, they have
been bullt with a fixed point. Nevertheless, the floating
point 1s of great advantage for almost all problems, for
intermediate steps do not have to be investigated for sizes
of numbers, and functions which possess a large range of
variation do not require changing the problem setup for the
different ranges.
The methods of programming of problems for the

EDVAC were noted as being different from those of the other
machines. The EDVAC programming involved specification of
complete operations and hence the programmer did not need
to understand the operational properties of the accumulators.

This system has both advantages and dlsadvantages, The

advantages are found in the ease of programming, for very
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little experience 1s necessary before an individual may
properly program rather complex calculations. The disad~
vantages are to be found in the maximum usage of the com=~
puter's potentlalitles, for in the other systems of pro=-
gramming 1t 1s possible to save steps In various parts of
the computation by retalning the result of an operation in

the accumulator as an operand for the next step, thus not

requiring recall of this number from the memory.
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APPENDIX III
SURVEY OF COMPUTING MACHINE COMPONENTS

A dlgital computer in general consists of five
major components (see Figure 1): (1) an INPUT device which
supplies information (orders and numbers) to the computing
machine; (2) a MEMORY system which stores the information
until the desired time and presents the information to the
desired place upon instruction; (3) an ARITHMETIC cowponent
which performs the desired operations on numbers upon ine
struction; (4) s CONTROL unit which interprets orders and
supplies corresponding instructions to all other units, the
orders belng supplied by the memory or input or both and
under control of the CONTROL unit itself; and (5) an OUTPUT

device which prints or punches the results of a computation.

l. Memory

The component which has recelved the greatest at~
tention in the past 18 the memory systems The various
devices which are serving 1n present machines can best be
classified by attributes for proper eveluation.

Erasable = Nonerasable =~ In the erasable class

information which 1s no longer needed may be erased to pro-
vide space for storage of new data, whereas in the nonerasw~
able class additional memory space always must be suppllied

if new informstion 1s to be recorded., For exsmple, a mag~

netic tape is erasable, a punched card is not. It follows
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that an erasable system requires a smaller physical capacity
to handle a glven amount of information, since part of it
can be ussed over and over.

Volatile ~ Nonvolatile -- In the volatile class

the permanency of the information depends upon the contine
ued supply of power to the memory device, and in the event
of a failure of the power supply the information 1s lost,

A nonvolatile memory device retalns recorded information
indefinitely without requiring power. Typlcal of the vola=
tile class is the electron-tube relay; nonvolatility is
represented by a mechanicsal relay, with a selfelatching de=-
vice. Other things being equal, volatility i1s certainly an
undesirable feature, since it requires redoing at least a
portion of a problem in event of power faillure at the store
age device.

Static, Movable, and Cyclic ==~ In the static class

an item of information stored in the memory is fixed in
space, and may be obtained at any instant by closing the
right switchs In the movable class the memory medium is
movable in space, and to obtaln a particular item of infor=

mation that portion of the memory must be moved to the

reader before the swltch 1s closeds In the cyclic class
the information in the memory is kept in constant circulae-
tion so that all portions are passed by the reader in
sequence, and each item 1s avallable at a definite instant

of the cycle, each cycls. Reading information from such a
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device consists of closing switches at the right time. A
bank of relays typifies the static class, a stack of IBM
cards the movable, and a rotating magnetic drum the eyclie,
In general, static devices ere the fastest, but most ex~
pensive of both space and equipment; moveble memories are
very compact for their capacity, but may require prohibi-
tively high access time, Cyclic devices furnish various
degrees of compromlise betwsen these extremes,

With these factors in mind, some of the commoner
devices can now be evaluasted with regard to cost, access
time and rellability. Access time to an item of informa=~
tion varies from a few seconds for the slower devices,
through the mlllisecond range for the intermediate types,
down to perhaps ten microseconds for the very fastest mem-
oriess Table IT 1llustrates in greater detall such a class=
ification of these memory devices, The conclusions might
be summarized as follows:

Punched cards and tapes: slow in operation, comparatively

quite inexpensive, and very reliable.

Mechanlcal relays: slow 1n operation, very expensive and

bulky, and quite reliable.

Vacuum~tube relays: fast in operation, very expensive, re=

quire large smounts of space and power, and not too reliable
due to volatility.

Electrostatic storage (Williams tube): very fast in operaw= |

tion, much less expensive per dlgit than individual tubes
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but still subject to considerable development for entirely
satisfactory operation, and not too reliable due to vola=
tility.

Magnetic wires and tapes: 1Intermediate in speed of opera=

tion, 1nexpensive, compact, and quite reliable.

Magnetic drum: intermediate in speed of operation (faster
than wires and tapes), 1lnexpensive, compact, and quite
relisble,.

Sonic delay lines: fast in operation, inexpensive, but less
reliable due to volatllity and temperature control require=

ments,

2, Input and Output

Input and output devices in general conelst of
movable and nonvolatile memory devieces such as punched cards
or tape or magnetic wire or tape. The punched cards and
tapes have the advantage of allowing sight-reading and
checking. Magnetic wire and tape have the advantage of
higher rate of transfer of information and erasability, The
choice of input medium depends upon the input or output speed
requirements. Perhaps the best Input-output systems for
high speed memories are mixed systems where the magnetic
wires or tapes are supplied with information from the punched
cards or tape falrly continuously, and in turn transfer this
information at a much higher rate, but very discontinuously,

to the high speed memory. This is done in reverse for the

output. In a system of this type the high-speed memory 1is
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not slowed down to the lnput device's speed during reading=
in periods, for the intermediate speed device functions as

a speed-matching unit between the twos

3. Control
The control unit is a component that must be
tallored for a particular machine, and depends upon the

choice for all the other unlts in the computing machine,

4. Arithmetic ‘

In the arithmétic component there is a similar
range of possibilities, The cholces to be made at any point
might well depend upon the choices made at any other point.
There are essentially three major factors to be considered.

(1) Parallel or serisl operation; i.e., sddition
or subtraction of all digits in the two numbers simultan=
eously, or corresponding digits a palr at a time, Parallel
operation 18 accomplished in a much smaller period of time,
for example, to add two ten diglit numbers using serial oper=
ation takes sbout ten times as long. However, the amount
of equipment required for parallel operation 1s sbout ten
times as large.

(2) The number system to be employed. Decimal
notation has the advantage of familliarity and corresponding
eagse of interpretation, but has the disadvantage of re-

quiring fairly complex circultry to carry out the arithme=

tical operations. A number of ways of representing the ten
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digits have been employed, such as ten=position counters,
biguinary or mixed base two and base five, binary=coded
decimal, and binary-coded decimel excess=~three. Each of
these systems has its advantages and corresponding dis=
advantages in simpliecity of circuits, circuit design or
checking.

Binary notation, using only two distinctive di=-
glts, zero snd one, possesses two important advantages for
machine simplicity. The first advantage is the much smaller
number of machine components required to produce analogues
of arithmetic operations; part of this advantage is due to
the properties of circuit elements and part 1s due to the
properties of the binary system itself. The second ade
vantage of binary notation is that it requires less storage
space to store a given number of items of information than
does any other number system, The dlsadvantage of unfemil~
larity with binary numbers can be greatly reduced, for
arithmetlc sequences may be employed to change number Sys~
tems within the machine; 1.e., numbers may be supplied to
the machine in the form of binary~coded decimal numbers and
be translated internally to binary numbers for use in calcu-
lation, the results of the calculation may agsin be trans-
lated from binary to binary-coded decimal numbers prior to
printing oute.

(3) The use of a fixed or floating polnt in po=

sitlonal notation; i.e., the use of a fixed number of decimal
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(or binary) places, or a'fixed number of significant flgures,
In floating point notation, a number is written (for example)
with the first significant digit immediately following the
point, followed by the given number of significant figures,
and the order of magnitudq of the number indicated by an
approprlate power of ten (or two)es Such notation not only
increases the overall accuracy of the machine, utilizing
maximum accuracy for every calculation, but it also greatly
simplifles the preparation of problems for the machines
Without it, much care must be exercised in so adjusting
scale factors that no intermedlate result in the calculation
will exceed the machine's cspacity and so that the largest
possible number of significant diglits will he maintained.s
The floating point feature may generally be programmed in
the electronic computers, but a considerable decrease in
speed of computation and storage capacity results, Inclu=-
slon of a floating point, then, requires a more complex
machine and a greater storage capacity.

This survey of machine components should serve to
emphaslze the more sallent features involved in choosling

elements for a computing machine,




OBERATION

STEF REA Locate Operands Perform Opcration Filc Away

MAJOR \D called for in called for in the Result of
CYCLE NUMBZR ORDER NUMBER ORDER NUMBER ORDER NUMBER ORDER NUMBER

N x N~1 N-2 N-3

N+l N+l ¥ N-1 N-2

H+2 N+2 N+l N N-1

N+3 Ne3 N+2 N+l N

N+l N+h N+3 N+2 N+l

cte.

Table I - This table shows the overlapping of the four ovpcrational

steps. The four steps in any row arc being carried out
similtancously, and are steps referring to four scparate

orders.

901
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Table II

Type of Memory Speed Erasable Volatile Static Movable Cyclic Cost

Punched Cards ¢
- Tapes’ -, . " slow no - no Vv .low

. | Mechanical relays _slow: yes no oy .-high

) ‘; ‘ Vacuum~tube
' relays _ fast yes yes v high

P Electrostatic
P (¥illiams) " very fast---ycs yes o mediur
E | fast - V/ high

Magnetic wires
ﬁ tapes . ’ medi.um «--- QS no \/ v e L OW

Magnetic drum = mediume
.Fast - yes NO rverer \/ - low

Sonic delsy lines '. fast o PGS o yes . . / low
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