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?REF‘ACE

The objective of this thesis is to describe the logical design of a
general purposc digital computer presenting tho arguments underlying the
final choices of operation and components, The scope of the thesis is limited
to the logical design, including the requirecments of all operational com-
pon;nts. It is worthy of note that a comparatively large frecdom of physical
design exists, satisfying the logical requirements which are imposcd,

The appcendices will include sufficient background material on cxisting
computing machines and components, so that a reasonably careful comparative
cvaluation may be made from thc material presented.

The sourccs of material for this discussion are very limited and, in
many cascS, arc rather nebulous, In most cases the sources have furnished
a background which facilitated the formulation of the overall views prescented,.
Although portions of the thesis may appcar to present material without duc
ercdit, in most cascs the formulation is entirely indcpendent, and if dupli-
cation occurs it is without the knowlcdge of the author.

In particular, thc author wishes to acknowledge three sources of
informative assistance: The Aberdeen Proving Cround, Maryland, for the
ooportunity of studying the coding systcm for the EDVAC, thus learning a
great deal about gencralized logical systems of computing machines; Engin-
eering Rescarch Associafes, Saint Paul, Minnesota, for their assistance in
evaluation of the computer and for suggestions for simplification of the
controlled dclay units in thc arithmetic componcnts; Charles H. Davicdson,
University of Misconsin, for detailed checking of the logical operation, a
nunber of helpful criticisms and suggestionse

At presont work is being done on dosign and tosting of physical compo-
nents of this machine, and arrangements have been made to built it at the
University of Wisconsin, Because of its inhcrent intogrel synchronization, the
machine has becn named the TISC, Wisconsin Intogrally Synchronized Computer.



CHAPTER I
SOLUTION OF PROELELS ON A DICITAL COIPUTER

1. Introduction

Perhaps the sirplest and most profitable approach to the understanding
and designing of any physical device is a thorough study of the of:erationa
the device may be called upon to perform. In the. case of a digital computer
this entails a study of computation. This chapter will survey the steps
involved in most cormutation and will emphasize in particular the aspects of
routines which may be iterative in any one part of the computation or which
ray recur in several different narts of the corputation. Very few detailed
exarples will be employed, but it is hoped that the generality of the discussion
will maka evident the generality of the concepts involved.

The initial step in carrying out any computation is the planning of
some nrocecure which leads to the desired result. The initial procedure will
in general contain: (1) organization and reduction of initial data into a
readily usable form; (2) arrangement of a sequence of operational stems such
that data required to nerform a particular onerational step are available in
the form of initial data or as the results of previous steps, these steps
leading, in general, to some point of discrimination and/or iteration;

(3) revetition of the previous nrocedure with different initial data to
nrovide a table of results or to provide some means of control]_.ing changes of
initialldata to aporoach results possessing desired properties, such as
toundary conditions,

The next step in the computational procedure is to make a further
breakdown of the initial plan, In reneral, this will leave a series of ele-
mentary operations to be carried out, such as addition, subtraction, multipli-
cation, division, searching tables of functions, or comparison of results at

any point to determine convergence. The less elementary operations such as
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extraction of square roots, integration, or generation of simple functions may,
of course, also be reduced to the same set of elementary operations. It is of
interest to note at this point that the reduction of these less elementary
t;perations into the elementary ones involves the same three major steps that
the initial procedure for the overall solution involved. This simple, but
very general, logical scheme of computation may easily be diagrammatically
formulated, and, with the introduction of a very limited terminology, the
complete breakdown of a computation may be easily described or carried out.
Before going into greater detail on the breakdown of computation, it
is advisable to tive a very simplified description of a computing machine. £
digital computer in general consists of five ;najor components (see Figure 1):
(1) an INPUT device which supplies information (orders and numbers) to the
computing machine; (2) a MEXDRY system which stores information until the
cesired time and presents the information to the desired place upon instruction;
’3) ban ARITHMETIC component which performs the desired operations on numbers
wpon instruction; (L) a CONTROL unit which interprets orders and supplies
corresponding instructions 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 MZHORY by "location", that is, to
obtain a "word" (order or number) from the MMORY, one must specify the spatial

(and in some cases temporal) position of this word in the memory medium.

2. Flow 91 Calculation

This section contains the diagrammatic formulation of the calculational
procedure as it is carried out in a computing machine or in hand computation.
Figure (2) shows the general scheme, which may represent the whole

computational scheme and is then called a "sequence", or which may represent
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an individual complex operation and is then called a "subsequence", This dia-
cram is composed of "blocks of orders" stored in the memory system of the
computer, each block performing a particular function, and these blocks being
aporopriately intercommected; such a diagram is called a "flow diagram', This
diagran represents the flow of calculation and should not be confused with
flow of information,
a. Setup Block

This flow dlagram of a sequence, or subsequence, begins just after the
noint (a), where block number (I) is reached. The first block is a "setup
block" in which the reduction of initial data and preparation of the following
block for the first calculation is carried out. In many subsaquences this
setup block provides the means of obtaining an initial approximation of suf-
ficient accuracy to reduce materially the number of iterations required to
converge to the correct results; for instance in a square root subsequencs
the determination of the nosition of the decimal point would be of great assis-
tence. Also, in numerical integration of a differential equation, the process
of point by point prediction and correction is handled in a different fashion
at the beginning point, or points, than it is throughout the rest of the
range of integration. In such cases the setup block would contain the initial
calculation nrocedure,

b Operation Elock
The second block (II) is called an "operation block". In this block the

main body of the calculation is carried out. In an iterative process this
block performs the comnlete set of operziions required to obtain the n+lst
approximation from the nth axjroximation, or to nredict the value of a function

at the n+tlst noint from the known values at the previous points., In this
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operation block the calculational process may be sent through a number of
subsequences in order to carry out any non-elementary operations which may be
required, such as the extraction of a square root.

An example of the programming of a simple problem is given in Appendix I,
c. Alternative Block

Block (III) performs a comparison and is called an "alternative block",
The comparison may be between the new aporoxdmation and the previous one, to
see if the convergence is sufficient, The difference between two approxima-
tions is in reneral required to te smaller than some previously assifned
number ¢. The comparison may be made upon index as well, that is, if a fixed
number of steps is required, the number of times that the calculation has
proceeded through the operation block can be recorded and compared with the
stipulated number of steps. As the name "alternative" implies, there is a
choice, a choice of returning and going through the iterative process once
more, or of rfoing on to the next stage of the computation.
d. Substitution Block

If the alternative block sends the calculation through the iterative
process once more, the next block reached is the "substitution block" (IV).
This substitution block is essentially a restricted version of the "setup
block", in that it mrepares the operation block for the n+lst operation 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
necessity of changinr them, is to be found in the apnproximation of a function
by the leading terms in iis polynomial expansion; in this case each trip through
the operation block computes another term in the molynomial by means of the

term's index and adds it to the previous sum of terms.,
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The sbustitution block must also re-file information which depends upon
the indexe This can readily be cdemonstrated in examples where computing the
nth value requires usa of the previoué value (n-1lst), thus computing the n+lst
value requires the use of the nth. Since numbers are specified by storage
location, the nth value must be substituted for the n-lst in order to carry
out the computation.

This is a fairly complete description of the substitution block and,
as well, extends the knowledge of internal requircments of the setup block.
The substitution bloc!: closes the "loop" and makes the iterative caleculation
progressive.

e. Cormlation Block
If the 2lternative block sends the calculational process on to the next

stage, the last of the tlocks (V) is reacked., This is the "completion block"
and its function is the disposition of the result, or results, of the sequence
Just outlined. The disposition of results may involve having a table of
results printed out, if the loop »receding this completion block was the main
computation loon. It may similarly inwolve filing thé result:s into sequential
storage locations for later printing or for use in some other part of the
computation if this sequence (in this case, subsequence) is but a portion of
the main computation. After completion of the opcrations in this block, the
calculation proceceds to the next stage, denoted ty (B).

f. Reote Connectors

(a) and (B) are called "remote connectors". Their function, although
nerhaps not 30 casily visualized in some of their forms, is to connect the
subsequence into the main computational sequence at any and all desired points,
In some computers (c) and (B) will be physical connections, but in many of the

newar ones (a) will represent the location of the first order in this subsequence



-6~

and (p) will be the location of the first of a group of orders to be carried
out after the completion of the subsequence. An example of this might be a
sequence composed of N orders stored in locations 43, Az, eee Aﬁ-l’ Aﬁ’ soe Ay
The computing machine carries out thesec orders until it reaches the order in
location Ap—l s at tidis point the calculation has progressed to thec point where
a sﬁbsequence is to be used, e.g. a square root, so the order in locaﬁon

1‘5-1 contains the information that the machine is not to carry out the order
in AB next, but is to carry out the order in location C (Cy= a),‘ which is the
first order in the square root subsequence (Cl’ 02 s oo CM)' Since the compu-
ting machine follows a sequence of orders with no "memory" of its previous
history, some means must be provided for putting the information into the order
in location Qu (the end of the square root sequence) that the following order
to be carried out is in the location Aﬁ(Ap:ﬁ)’ thus permitting the original
calculation to be carried out. The order which puts this information into

Cy must be read prior to AB_l. There is onc' additional complication, and

this is 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
rumber is available to only the A sequence.

The foregoing material has presented the flow of calculation as it is
carried out by a human or mechanical computer. The system presented is
obviously very flexible, and the ease with which this flow can be directed
dctermines the flexibility of a computing mechine. In a number of machines,
such as the TIIAC as originally planned and built and in most of the I.B.ll.
computers, thc flow vas directed by means of physical comnections, and the
chanre of problems required rewiring the connections between computer clements.
In most later machines the means of supplying orders to the machines have been

of such a naturc that the nced for physical interconnections of the former
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tyne is climinated. This method of suoplying orders consists of having a
numerical code which stipulates the desired operation, and storing thcse
numbers in some sort of memory medium. The machine procceds to "rcad" these
numbers stared in its memory and carries out their instructions. Since the
merory is not destroyed by reading, and since the machine has access to all
narts of this memory, it is possible for the machine to follow the same set of
orders over and over again, providing iteration without having to supnly a new
sot of orders for cach repetition, Vith this system of order supnly, the
flexibility of a commuting machine is governed mainly by the orders it is
canable of carrying out. The other limitations are the spced with which the
machine can carry out a computation, the available memory svpace, the accuracy
vith which the indivicdual computations may be carricd out, and frcedom from
mechanical failure. There is one othcr point tc be considered, however, and
this is the case of preparing a problem for solution within the machine; this
point will be considered in grecater detail in a number of places in the
following chapters,

3, Flow 2£ Information

So far this chapter has been concerned with the flow of calculation, while
the flow cf information has not becn considered to any aphrecciable extent.
In order to investigate the flow of information, some study of the forms in
vhich information ijs utilized is indicated. Information with regard to
numbers alone exists in two. forms: (1) the size of the number, and (2) location
of the nucber in the memory medium. Once the location of the number is known,
the rest of the information is available upon reading the numbor at this
location. Infoimation with regard to orders is much tho same, although it will
become nccessary to cxpand upon the information that may be stored in a numeri-

cally coded order. lost orders generally consist of roquiring a particular
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operation to be performed upon a number (numbers) stored in a specificd storage
location (locafions). The requirements of the flow of information of this
type-can be satisfied in either of two ways: (1) placing the desirc@ nunber
into the stipulated stdiage location prior to its use, or (2) controlling the
stcrage location specified, in such a manner that it is at all times the proper
one. Both of thesc methods of information flow control arc used in most of
the computing machines, and the choice between the two is generally determined
by the number of operations required to carry them out. An cxample of this
can be found in the square root subsequence; in this subsequence several aif-
ferent opcrations are performed upon the number (y) whose squarc root is
desired, and it is simpler to move (y) into a storage location vhich can
remain assigned to the square root sequence than it is to change all of the
locations specified in the various orders,

There is onc morc type of information flow to be considered here, and
that is the flow of control information, i.e. the correct sequence of ordcrs.
In the cxamp1c§, the subsequences have terminated in a remotc connector (B),
where (B) is the storage location of the order following the order which
shunted the calculational process into the subscquence. Since this subsecguence
should be available to other parts of the computation, the location (B) wild
differ depending upon which part of the computation required the subscquence
at this time; hence () will have to be provided before entering the subsequence
 4n order to guarantec proper reentry into the computation. This type of infor-
mation flow control is similar to thc second numerical type, i.c. proper
control of the storage location specificd.

L. Order System

The remainder of this chapter will be concerncd with the propertics of

a system of orders capable of carrying out this pencralized computational
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scheme. The systom of orders deseribed will be those which are to be employed
in the computing machine presented in later chaptcrs, but a few references
will be made to systems which are in use in other machines. In particular,
mention should be made of the possibility of breaking these orders into much
more clementary operations which can be combined to corrcspond to those
described below; this is done in a large number of the new machines and its
merit depends upon the machine design.

a, The Arithmetic Orders

The first set of orders to be described are the arithmetic orders:
Addition, Subtraction, liultiplication and Division. Each of these four orders
supply four items of information: (1,2) the storage locations of the two
coerands, (3) the specified opecration, and (L) the storage location in which
the result is to be stored.,

te The Information Flow Order

The order controlling the internal flow of information is described
next, this is the "Extract" order. The Extract order has the property of
being able to cxtract any part of a wrd in one storage location and any
part of a word in another location, combine these two parts to form a new
word which is to be stored in a third storage location, It is also important
to mention that the information in the two original storage locations is not
affected by this procedure and that the previous information in the third
storage location is completcly annihilated and replaced, This extract order
is, then, obviously capable of transferring a number into any desired storage
location or to substitutc ncw storage location specifications into other orders,
In addition to satisfying thecse requircments of informatiun flow, the cxtract
order is capable of performing far more cxotic operations such as providing

onc nucber with the algebraic sign of another, removing a specificd group of
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digits from a number for scparate arithmetical opcrations, c.g. arithmetical
opcrations to be performed on exponents,and a host of other possibilities.

The Extract order supplies scven items of information: (1,2) the
storage locations of two opcrands, (3) the statament that this is an Extract
order, (L) the position of the first of the group of digits in the first
operand which arc not to be used in making the now word, (S) the number of
digits which are not to be used, (6) the first of the group of digits in the
sccond operand which will be used instead, and (7) the storage location in
which this ncowly formed word will be stored.

c. Flow of Calculation Order
There arc two orders controlling the flow of calculation: Transfer

and Comparison. These two orders control which chain of orders will be carried
out in the immediate future., In the EDVAC the Transfer order occurs as a
part of every order, that is, every order stipulates the location of the
order that is to follow. In many machines, and in particular in the machine
proposed in this thesis, orders arc recad from sequential storage locat'ions.
Since it is desirable to make a single subscquence available to all parts of
the main computational scqucnce where needed, some means must be available to
transfer from the scquence to a subsequence and back again, the Transfer
order will gencrally be usced to carry out thesc operations. In an iterative
process it is also desirable to bec able to usc the same set of orders over
and over again until campleted, somc means must also be provided for this,
with the additional provision that this order has contained within itsclf
the ability to detcermine the nccessity of reitcration, such an order is the
Comparison order (somctimecs called a Conditional Transfer order).

The Transfer order contains two items of information: (1) the statement

that this is a2 Transfer order, and (2) the storage location in which the



following order is to be found.
The Comparison order is a combination of the Subtraction and Transfer

orders, and contains four items of information: (1,2) the storage locations
of two operands, (3) the statement that this is a Comparison order (sub-
traction specified), and (L) the storage location in which the following
order is to be found if the result of the subtraction is zera or negative,
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,

d., The Cormunication Orders
The orders that allow cormunication between the machine and the exterior

world are the "Read-in" and "Read-out® orders, These orders can be made
very general, although in the machire oroposed, the present plans are, at
least for the initial construction, to restrict them to a minimm. They can,
however, be expanded without alteration of the original construction to take
on a broader scone. The general formulations, and then the restricted
versions will be presented,

The Read-in order can stipulate: (1) read in from a particular source
of information (several choices) (2) beginning from a stipulated position in
this source and sforing this inf@drmation sequentially into storage locations
beginning with (3) the first storage location specified and continue £illing
.m to (L) the final designated storage location, and (5) the location of the
orcer which follows the Read-in order,

The initial plans for the proposed machine are to have a single input
mechanism and to arrange material within it so that the desired information

is supplied in the proper sequence.
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The Read-out order has the same géneral and restricted formulation as

does the Read-in order,
e. Halt Computation Order

The final order required to complete the order system is the Halt
order. This stops the operation of the machine. This order has two uses in
general, to stop the machiné after the computation has been completed, or
to stop the machine at any desired point in the computation in order to study
the results available to check on the calculation or to make decisions on
computationﬂ procedures,

A total of ten orders has permitted the computing machine to carry
out the general computational scheme formulated earlier in this chadter. They
mrovide for the arithmetic operations, the control of the flow of information,
the control of the flow of calculation (including the determination of the
necessity of reiteration), commurication between the computing machine and the
exterior world, and ability to halt the computation at any desired point.
f, Storage of Orders

Up to this point it has been implicitly assumed that some sort of
memory system for storing words (orders and/or numbers) has been incorporated,
and that the desired word may be obtained by specifying its location within
the memory system. No mention has been made of requiring separate memory
systems for orders and numbers, and, indeed, separate memory systems are not
required. It is common practice to store numbers and orders interchangeably
throughout the memory system, 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 locations. The advantage of this system of
storing "words" is found in the maximm utilization of storage capacity,
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for if a sequence of orders have been.used and are no longer required, this
space may be used for the storage of intermediate results, new data or new
 orders, whichever is most desirable,

Perhaps the first reaction to the intermingling of numbers and orders
is to raise the question:. how can the machine tell the difference between
a numbei' and an oi'der? The answer is: it cannot and does not need to, for
in procramming a problem the machine is furnished a connected calculational
path and the "order reader" reads only the words which form the steps of this

path, thus corming into contact with orders alone,
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CHAPTER II

THE PROPOSED LOGICAL DESIGN

1. Introduction

The objective in the design of this computing machine is simplicity,
simplicity of construction and of problen preparation. In achieving this
objective the requirements of reasonatly high speed of operation and general
anplicability must necessarily be satisfied, if an instrument of considerable
utility is to result.

In achieving general applicability and simplicity of problem program-
ming, great care was exercised in choosing a set of orders which had extrene
flexibility and yet were a minimum in number with easily and well defined
functional properties. The set of orders chosen is dependent upon the design
of the machine itself, in particular, it is dependent upon whether the arith-
metic unit is self-programmed or not. The chosen set of orders described
in the first chapter are for a self-programmed arithmetic unit and are,
consequently, a much simpler set than would have otherwise been required.

In the formulation of this logical design, two types of interrclations
must be considered: (1) the interrelation of simplicity of construction and
simplicity of problem programming, i.e. & reduction of complexity of the
machine should not shift a corresponding burden upan the programmers; and
(2) the interrelation between operating components making up the machine.
These two will be considered in greater detail in the arguments to follow,.

The criteria to be satisfied by the design are: a minimum of parts
are to be used and all component's capabilities are to be fully exploited.
The argumecnts leading to the chosan design will not be presented in detail,
but sufficient information to indicate the line of reasoning will be included.

Parallel operations on numbers in a machine which uses a cyclic memory
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is wasteful of arithmetic equipment, for the average time required for locating
numbers in the memory system is long compared to the time required for per-
forming the arithmetic operations.* This does not allow efficient,utilization
of the arithmetic unit's capabilities.

Similarly, use of a static or rapid cycle memory in a machine which
performs serial oncrations is wasteful of memory equipment, for the memory
suomlies numbers more rapidly than they are treated. Use of a lenger cycle
memory would offer a considerable increase in memory canacity without appre-
ciably affecting the total operation time.

It is evident that to attain a reasonable balance in operating times,
two desizns are possible: (1) parallel operation with a static memory system
or (2) serial operation with a cyclic memory in which the time required for
the arithmetic operations is approximately equal to the memory cycle time.

In order to utilize a minimum of parts, the chosen design will be the
second, for both the serial arithmetic unit and the cyclic memory sSystem
require a considerably smaller amount of equipment than do the others, However,
this combination is much slower than the first, and rcpresents an intermediate
speed rather than a high speed computer. It should be pointed out that the
actual speed of the proposed machine is dependent on the memory medium utilized,
and that the use of a memory medium of the same nature as that employed in
several "high speed" computers will yield approximately equal operating speeds.

2. The gggnctic Drum

In order to expand upon the logical desien, and to go into-the details

of the requircments of the associated components, it is advisable to choose

$ Refer to Anpendix III for the properties of the components which provide
for these opcrations,
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a physical model which can be described with relative ecase. The actual
model to be chosen will be the magnetic drum, however, it should be borne in
mind that the magnetic drum is but a vehicle for exposition, and that the
context and diagrams may be rcadily translated into any cyclic memory system.

The magnetic drum itself is perhaps a sufficiently new device that some
explanation of its o;ﬁeration should be included. Physically, it consists of
2 cylindrical drum which is rotated about its axis. lounted on a fixed
{ranmework about the drum are reading and writing heads, each head rcads and/
or writcs onto a peripheral track about the drum as it turns by. A large
amount of information may be stored in any peripheral track and a large
number of such tracks may be spaced alonz the lenzth of the drum.

The surface of this cylindrical drum is sprayed with ; thin coating
ol magnetic iron oxide, which can record a pulse of magnetic polarization in
either of two opposing directions. In practice, the entire surface is meg-
netized uniformly in one dircction to provide a "zero" background, and the
presence of a "one" is indicated by a small region of opposite polariyy. A
reading and/or writing hcad consists of a masnetic core with one or morec
windings having an air gap mounted in very close proximity to the surface of
the drum (sce Figure 5). To write a number, a pulse of current is sent through
a winding at' the desired instant, producing a momentary high mamectizing
force at the air gap, and hence magnetizing a tiny region of the surface,.
This region is called a ccll. Thesc pulscs ere in onc direcction for a "onc";
the opposite for a "zero". Since the momcntary' magnetizing forces arec suffi-
cicntly hish to override the previous condition of the coll arca, it is ncver
nccessary to crasc as such, for the action of writing a ncw number automati-
cally rcplaces any old information with tﬂc new, In reoading, the scqucnce of

cclls (or digits) passing thc air gap inducos wvoltage pulscs in the windings,
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which are amplificd, shapcd and supplied to the other componcnts of the
computing machine,
3. The Use of the Drum

In the proposed computing machinc the drum is divided longitudinally
into four scctions: (1) timing tracks, (2) standard memory, (3) short
memory, and (L) arithmctic tracks (scc Figure L).

In the timing scction scveral (four, as will bo shown) tracks arc used
to provide timing pulses for synchronization of the operating circuits.

The standard mcmory scction corrasponds to thc memory systcm of the

gencral computing machine described in Chaoter I and Appendix III, and will

be uscd to store words (numbers and/or orders) for the computing machine.

The standard memory consists of a number of parallcl tracks around the drum.
In cach track scveral words can be storcd, these wwords are stored in serial
form, for the arithmetic unit is of the scrial type and must rcccive numbers
in this form. A given word stored in this mcmory will pass onec of the rcading
heads at a certain time during cach cycle of the drum so the word may be
"rcad® by spccifying which track this word is in and at which angular nosition
2hout tho drum,.

A rather unique featurc is obtained by wiring a pair of these reading
and writing hcads in a fcedback circuit (sce Figure )). If the reading head
furnishes its information to the writing hcad which lcads it by an angle 9,
inforzation once supplied to the pair will be rcpcatcd over and over with a
period 6/2m times the period of the drum. Such a circuit is called a
npecirculator®, This rccirculator becomes in effcct a short memory where a
limited amount of information my be storcd to be continuously available.

The actual function of the short mcmory will be to storc numbers between the

standard memory and the arithmetic unit, for if a number is rcad out of the
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standard memory before the arithmetic unit can accept it, this number must

be recirculated wntil it is accepted. A conscquence of this functien of short
memory is, that the angle @ between reading and writing hecads should be cqual
to the angle subtended by a word in standard memory, so that a recirculating
word will always be in phasc with the word positions in standard mcmory.

(The rcquirement of a short memory is wnigue to the proposed computing
=zchinc).

The arithmctic seciion of the drum will also consist of recirculators,
thesc recirculators will be used for storage of the operands and the partial
results during the arithmetic opcration, providing a rclatively inexpensive
storage medium for this purpose. The rest of the logical design must be knovn
before the fequircmcnts of this arithmotic section can be described
satisfactorily.

In opcration, the computing machine will go through four basic steps:
(1) locate the desired order in standard memory and interpret this order,

(2) locate the two operands in standard mcmory which are called for in this
order, (3) perform the specified operation on thcse two operands, and

(h) filc the result of this opcration into the stipulated storage location in
standard memory. It should be noted that three words arc located and read

from standard memory and that onc word is being written back into it.

L. First Design Feature

Stems 1, 2 and L of the above operation may require one full revolution
of t'he drum, for thc word can bc obtained only when the specified location
in standard memory is passing the rcading and writing hecads.

The first design feature will be to allow onc full revolution of the
drum for carrying ou't cach of thc four stcps outlined. This guarantecs that
stcps 1, 2 and 4 will be completed during thedr allotted times, but dcmands
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also that the timc required for carrying out the most difficult arithmetic
operation (stcp 3) be less than or cqual to the.rcvolution time of the drum,

The oncration now consists of four rovolutions of the drum, cach re-
volution guarantecing the successful complction of one of the basic stcps,
These four steps may now be overlapped with these of other operations such
that four steps may te carried out simultancously (see Table 1): (1) order
N is Leing located, (2) the two opcrands called for in order N-1 are being
located, (3) the operation specificd in order N-2 is beine carried out in
the arithmetic wunit, and (L) the result of order H-3 is being filed away
into the stipulated storage location. There arc, then, four simultancous
steps being carried out, cach referring to a diffcrent order or oncration,
so that the result is an accomplishment of a commlcte operation every
revolution of the drum,

S. Comonent Requircments

Returning to the standard and short wmcmory scctions of the drum, it
may be scen that during a given revolution four words are communicated between
the standard mcmory and thc rest of the computing machine. An order and two
numbers (or operands) are rcad out of standard memory, thc order being
destined for an "order intcrpreter" (sce Figure 6) which will translate the
scrial digital information into static control voltages for the rest of the
machine, and the two numbers destined for the arithmetic wnit to be operated
upcne The fourth word communicated is a number, tis result of an arithmetic |

opcration, which is written into standard memory.

Tho order and two opcrands recad out of standard memory arc located
some time during the memory cycle and must be stored wntil the ond of this
cycle, at which timo thcy are delivered to their respective destinations. The
"result" number is delivered from the arithmetic unit at the beginning of the
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memory cycle and must be stored until iv can be written into the proper
position in standard memory. The function of thc short mcmory section is to
provide the storage for these four words, and it is obvious that four re-
circulators arc rcquired for this purposce

It might also be noted at this point that some sort of unit will be
required to nconnect" the desirced location in standard mcmory to the short
romory recirculator which is (or is to be) temporarily storing tbke informa-
tion (sec Figurc 6). The propertics of such a unit arc: it must be capable
of arranging. for conncction of thc recirculator to the desired track in
standard memory, and to closc this conncction during the proper part of the
memory cycle to pick out only the one desired location. Such a unit is called
a "time and track sclector", and four of these units are required if it is
desired to bc able to comncct to storage locations which are passing the
reading and writing heads at the same time, onc being required for cach re-
circulator. The information of which track and time (angular position) to
contact is supplied by the "order interpreter”, for this information is
containcd in the orders.

€. Sccond Desipgn Feature

The requirement of the first design featurc was that the time for the
longest arithmetical operation be less than or cqual to the period of rotation
of the drum (or memory period). The sccond design feature is concerned with
maximizing the efficicncy of thc arithmotic unit under such restrictions.

The efficicncy is greatest when the opcration time is preciscly equal to the
period of the cyclic mamory, and the achicvement of this constitutes the

sccond design featurc. Thc combination of the two design features can best
be termed "INTDGRAL SYNCHRONIZATION", for all units of the computing machinc

form an integrated systom, carrying out their functions simultancously and
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in idcntical pcriods of time.

This sccond design feature imncdiatcly imposcs difficultics in effi-
cicnt utilization of the opcration time, for vith "fixed point® nuzber repre-
scntation the various arithmetical operations are performed in different
lengths of time; multiplication and division take about n times longer for
n-digit numbcrs than addition and subtraction. In addition to this, of all
aamber roprescntations (_with respect to base) only the binary system permits
division to be performed as ranidly as multiplication mey be pcrformed; and
tien enly under rather stringent conditions, i.c. the dividend must be lcss
than twice the divisor,.

These are not cssential difficulties however, for thcy are rerioved by
the introduction of two numerical fozturcs, both of which are desirable from
the neint of view of simmlicity of construction or simplicity of problem
prcparation. These fcaturcs are: (1) binary rcprescntation of numbers and
(2) a floating binary point. The binary rcpresentation allows multiplication
and division to be performed in the same lenzth of time, provided the
conditions for division are satisfiecd. The floating binary point makes it
possible to satisfy at ali times the condition on the division process, thus
spceding it up. The floating point also makes the opcrations of addition
and subtraction requirc the same length of time as multiplication and division,
but accomplishecs this by rcducing thc rate of pcrformance of the first two.
The roduction in speed of addition and subtraction should not really be
considcred a loss however, for the time is availablc and the additicnal
opcrations arc certainly of a useful naturec.

The introduction of the floating-point fcature does requirc somo
additional qquipment for addition and subtraction of cxponcnts and for control

of shifting numbers, but the increcase is not very large relative to the amount



-2~

of equipment already involved, In addition greater storage capacity is required
to store an equal quantity of numbers, for the valuves of the exponents must
also be stored, however, a corresponding increase in useful information is

made available,

To complete the requirements that must be satisfied before integral
vynchrenization may be achieved, an analisis of the relationship betizeen the
rexory and arithretic units must be made, The first analysis will ignore the
requirements of providing short periods of time between numbers, sufficient
to perform switching operations.

Multiplicaticn furnishes the simplest example and will be usad to
initiate the analysis. In multiplication of two n-digit numbers, each of the
n digits of the multiplicand must be multinlied in turn by each of the n
digits of the multiplier, forming a total of n? partial products with their
corresponding powers of two (binary system). The oroduct is obtaine.d in binary
forn by ‘summing the n® partial procducts. In actuality the process of summation
of the partial products is accorplished by summing each partial product as it
is formed, thus requiring no additional time. The formation of partial
products occurs as rapidly as digits are presented to the multiplication
component, so n? dirit-times are required for the formation of the product,

It is desirable to have the memory system supply the n digits of each operand
to the arithmetic unit at the same rate as the internal storage (arithmetic
section of the drum) of the arithmetic unit supnlies them to the midtiplier,
8o that a speed matching device is not needed; hence, to maintain integral
synchronization between the arithmetic and memory systems, the period of the
memory system must also be equal to n? digit-times. The addition of the

exponents, vhich must also be performed, is carried out in a special exponent



register and is done simultaneously with the rest of the operation.

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

Addition and subtraction do not always require n2 digit-times, the
actual time varying from 2n to n? digit-times, but n? are required to assure
completion, hence these two operations will be considered to utilize the full
<-ipabilities ol the arithmetic ﬁnit as well as multiplication and division,

The requirement of n? digit-times making up one period of the cycliec
rerory imposes relationshins between the number of digits of information in a
vord (significant dizits, exponent value and the algebraic signs of the nuzber
and exponent make up a word), the nuber of sirnificant digits in a number,
and the number of words which fit into one >eriod of the memory. These rela-
tionships must be satisfied if maximum utilization of the memory and arith-
metic units are to be realized. An additional condition, for maximm use of
order information, might also be irmposed: that the number of words in a
memory period be equal to an integral power of two. Designating m as the
iumber of digits in a word, n as the number of significant digits, and 2J
2s the number of words in a memor& period, the relationships are:
(1) n?=mx2d, (2) m>n, and (3) m, n, j are integers. The spectrum of n
and n for a given value of j may be generated by a single integer k, where

=1, 2, 3, eeo (k =0 generates m »n = 23). There are two cases, j-odd

and j-eveni:

J-odd
J*l
n=2d +x2°7 K =1, 2, 3, eee
3+3

me=2d +kx2 2 +2x°
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n = 2% x x 2972
3+2
m=2dskx2 2 +x°
‘The choice of j and k must be made in such a fashion that n and m are
veasonable values, and the choices will be taken to be: J = S, k =1, yielding
29= 32, n = 40 and m = 50, Tﬁis represents 32 words in a memory period,
40 significant digits in a number and 50 digits to represent a word (number
or order), LO of the 50 digits in a mumber 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:"1 where 1>p31/2 and 255 3q30. The L0 significant binary digits
are approximately equivalent to 12 decimal digits, and the 23255 range in
number size is aporoximately equivalent to 10275 .
It was mentioned earlier that provision of some "dead space" for
verforming switching operations is required. This switching time must be

provided between words in the memory svstem and between significant digit
grouns in the arithmetic unit. Let the switching time provided in the arithmetic

urit be equal to a digit-times, and that betwveen words in the memory unit be
equal to B digit-times, where a and B are integers. The set of altered rela-
tionships are: (1) n(n+g) = 23(m8), (@) m n, and (3) n, m, J, g, P are
integers. The spectri= of @ and n are yielded by the .original set of equations,
and an ad.ditional set of equations for generating the spectrum of ‘a and 8 by

a second integer, h, is provided:

J-odd 31
c'hXZz
31 h=1,2,3, «.

2
8=hx(2° +k)
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d-even
€ =*hx 2"/ 2
B=hx (23/2+k)
The abové equations do not yield the complete spectrum for even k,
but the corplete spectrum may be obtained by cioosing a new factor h'= & h,

There g equals the number of factors of two in k, not exceeding J—;:'; for odd J

or -2‘1 for even j. These cases are not of great interest, for the numbers
wielded do not represent cases of nractical interest. ,

h is again chosen to be 1, yielding a=4 and B=S5. Actually the choice
of h is determined by the operation time of the switches, and a and B are
very reasonable values, In addition to this f-a=l could be used as additional
storage space in the nemory if switching required about the same length of
time in either place, but the switching operation is more complex in the
nemory system than in the arithmetic unit so the additional time is useful,

The result of the choices yield an integrally synchronized memory
system and arithmetic unit with an operating period of LOxLL=32x55=1,760
digit-times, so the marnetic drum rust have space to store exactly 1,760
digits in each neripheral track. The two digit-time grovpines, Lk and 55,
will constitute a "minor arithmetic cycle®" and a "minor memory cycle" res-
nectively; and the total of 1,760 digit-times will constitute a "major memory
cycle”,

7. Commonent Requirements

The commonent requifements of “"standard memory" and "short memory®
were fairly well established from the first design featuré, except that the
number of mords in a particular track in standard memory was not Inown, but
has just been chosen to be equal to 32, This ﬁ.xeﬁ the requirements of the
spacing angle tetween the reading and writing heads of the short memory
recirculators, for the& must subtend the same angle as a word in standard
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memory, or 2n/32 radians (55 digit-spaces). The requirements of the other
units previously described ("order interpreter" and ntime and track selectors")
remain as stated, but will be enlarged upon in the following chapter.

The second design feature fixes the requirements of the arithmetic
and timing sections of the magnetic drum. The recirculators in the arithmetic
unit must span an angle about the drum equal to that of Lk digit-spaces, for
+hese recirculators must store the LO sighificant digits of a number and also
the L digits of "déad 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 begimning of the major memory cycle, and one
for storaze of the results at intermediate points in the arithmetic process
(such as the sum of partial products at any point in the multiplication, the
quotient digits generated at any voint in division, the sum or difference in
addition and subtraction).

Since the arithmetic section of the drum stores only the significant
digits of the nurbers, the compleie arithmetic unit must provide additional
storage space and operational equipment for storing and adding the exponents.
These exponents must also be used to drovide control of the relative shift
between addend and augend or minuend and subtrahend (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 Ll digit-spaces, actually a control of this
spacing must be exerted, allowing values ol ;3-LlL-L5 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 cycle.

The timing section of the drum is provided to synchronize the three

other sections, supnlying "markers' indicating the stage of the various
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cycles to the 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 standard and short memory systems and also the "time and track" selecting
switches; (3) minor arithmetic cycle markers, which synchronize the operation
of all the elements in the arithmetic unit; and (L) a major memory cycle
marker, which signals the beginning of each operational step, including trans-
fer of information between the arithmetic and short memory sections, transfer
of nowly located orders from the short memory unit to the "order interpreter®,
and a number of other applications,

Although not properly introduced ig this section, the "input" and
"output" units must establish communication with standard memory, and will do
so through two of the four short memory recirculators which are provided, To
establish communication these units must also be properly.synchronized with the
short»memory system, and will require digit, minor memory, and major memory

markers from the timing section. These functions will be considered in the

next chapter,
8. Hodifications

a. Innut and Output
It was stated in the first chapter that the two communication orders

(Read-in and Read-out) have possibilities for expansion to include several
input and output units. These additional units would be of use in supplying
or producing tables of furnctions for the machine. They can be added without
appreciable change in the original construction.

b, Storage Capacity

So far no statements have been made about the storage capacity available

in standard memory, except that each "track" in the system can store 32 words
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and that a number of tracks may be used in parallel. The maximum nurber of
tracks, N, is dependent on the order system, and N=32 is a maximum for the
order system previously defined, since the number of digits available in an
order for specifying addresses (storage locations) is limited. A change in
the Extract order, inwolving the replagement of one of the original operands
by the new word constructed, would allow N=512 as a maximum.
¢, Time and Track Selectors

In the component requirement subsection of the first design feature
it was stated that four time and track sclectors were required if it was
desired to conncct to storage locations which passed the reading and writing
hcads at the same time. An alternative to this would be to have two time and
track sclectors, onc for reading and one for writing into standard memory.
The single reading time and track sclector could function for all three of the
reading operations by providing an additional switch for connecting to any of
the three short memory recirculators. The programmer would have to prepare
the éomputations so that none of the threc words being read from standard
memory would appear during the same minor memory cycle. This would place a
certain additional responsibility on the programmer, but the flexibility of
the machine syould not be aporeciably impaired.
d. Special Storage Locations

Before concluding this chapter it is of fnterest to point out a diffi-
culty which is peculiar to tho simultancous performance of operational steps
(refer to Teble 1). If order N calls for cither or both of its operands to
be the result of the N-2nd order or the N-1st order, a dilemma exists, for
these results have not yct been filed into standard memory, so are not avail-
able during the corresponding "locate operands" cycle. It will be noted,

however, that the result of the N-2nd order is available during this time in
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the "result" short memory recirculator®, and will remain there until replaced
during the first minor memory cycle of the ncxt major memory cycle (the word
not teing destroyed when written into standard memory), which is the opsration
cycle for order Ne Thus it is possible to just read this result from its
short ncmory rccirculatc;r into the desired arithmetic section recirculator
during that first minor memory cycle.

Similarly tha result of the N-lst order is being generated in the
arithmetic unit during the "locatae operand" cycle of the Nth order, 2o it
will be available to read back into the desired arithmetic section recir-
culator for the following operation cycle of order ll.

The introduction of these two special "mcmory addresses" into the

order system allows simpler programming proccdures and more efficient use

of the computing machinec.

* The availability of the result in short memory was first recognized by
C. H, Davidson, University of ‘/isconsin.
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CHAPTER III

CHOICE OF COMPOMENTS AND THEIR OPERATIONAL REQUIREMENTS

1. Introduction

In the design of the first model of the nintegrally synchronized
computer", which is to be built at the University of Tisconsin®, it has been
decided to incorporate components which would require a minimum of develop-
mental research, The memory unit which appeared to most nearly satisfy the
requirement was the magnetic drum, particularly because of the ease of syn-
chronization between the three memory sections. Another advantage is that
commercially available magnetic drums have digit~periodicities of very nearly
the value required, i.e., their maximum storage capacity per “track" is about
15% in excess of the required 1,760 digits.

The ease of synchronization when utilizing the magnetic drum is a
property of the system itself, for the complete memory system consists of a
uniformly mov:mc medium, and timing markers placed on this make the medium
serve as its own "clock" independent of its speed (within the limits of the
marker-sensing equipment utilized).

There is an additional advantage and a disadvantage is using a magnetic
drum storage system. The advantage is that the information stored on the
magnetic drum is non-volatile, allowing the computing machine to be shut down
overnight even though the problem is unfinished; or, if a check shows an error
has developed in the computer, it may be repaired and the problem may frequently
be started from the point of the previous check rather than starting at the
beginning. The disadvantage of the magnetic drum is that it is essentially a
low speed device, presenting digits at a frequency of 100 kilocycles in
comparison to the 1 megacycle frequency achieved in mercury delay lines.
However, in a way this is advantageous for building the first model, for the

% This model has been named '/ISC", Tisconsin Integrally Synchronized Computer.
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develonment of circuits for handling the lower frequencies is considerably

easier.

2. Division of Drum

The division of the drum into sections according to function is shown
in Figure S. The five sections are: (a) Timing, (b) Standard Memory,
(¢) Short Memory, (d) Arithmetic Memory and (e) Input and Qutput. %ith the
exception of section (e) these sections are identical to those required in

Chapter II. The use of the Input and Output section will be discussed in the

latter nart of this chapter.

a., Timing
The Timing secticn will contain four reading heads, vhich will read

the timing markers for digit-times (1760 per revolution), minor arithmetic
cycles (LO per rewvolution), miner memory cycles (32 per revolution), and
z:jor memory cycles (1 §er revolution).

To maintain precise synciironization throughout, without the use of
~recision equipment, all digits will be written onto the drum in coincidence
with digit timing-markers; similarly the reading of digits from the drum will
be done in coincidence with these timing-markers, but delayed an amount equal
to the inherent delay of the system.

b. Standard Memory
The Standard Memory section will contdn 32 combination reading and

writing heads, each serving to read or write information in a particular track
around the drume In each track there are spaces for storing 32 wﬁrda, so the
total storage provided totals 1024 words. Connected to these 32 reading
stations are three parallel track selection units, each of which can connect
an amplifier to any of the 32 tracks. The outputs of these tlree amplifiers
are the three mords: (1) the next order, (2) and (3) the two operands called
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for in the present order. Connected to the 32 writing stations in a sincle
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 channel,
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.

c. Short Memory

The Short memory section consists of four tracks with reading and
writing heads separated by 53 digit spaces (Refer to Figure L). Three tracks
ctore the new order and the two operands of the present order from the time
of receipt from Standard Memory until they are required at their respective
destinations. The fourth track stores the result of an operation from the time
of receipt from the Arithmetic Unit until erased by the receipt of a new result
one major cycle later, the result being availatle all during this cycle for
duplication in the desired location in the Standard Kemory. The new order will
be transferréd from the Short lemory storage track into the Order Interpreter
(See Figure 6) during the last minor memory cycle of the major cycle in which
it is read from Standard Memory. In the event that this 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 into the Order
Interpreter without requiring the internediate storage, The tw operands
will be transferred from Short Memory into the Arithmetic Unit during the first
minor memory cycle of the following major cycle; simultaneously, the result
just obtained in the Arithmetic Unit is transferred into the fourth Short
Memory traclk for filing into the required Standard Memory position sometime



during this major cycle,

d. Arithmetic Memory

The Arithmetic lemory section consists of three tracks with reading
and writing heads separated by L2 digit spaces, Two of these tracks will
receive 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
teginning of the next major cycle,

e. Imput and Output

The Input and Output section will consist of four tracks with combina-
tion recading and writing heads, Two of the tracks will be used to store
information read from the Input mechanism, but which Standard liemery is not
ceady to receive. The other two tracks store information delivered by the
s+andard Memory, but which the Output mechanism is not ready to receive.

Since each track holds 32 words, a total of 6l words of intermediate

storage is supplied for each nurpose.

3. Supplementary Features

a. Recirculators

The magnetic drum is provided with a single inherent period, which is
the time for one revolution, but two additional periods are required, shart
memorj requiring 55 digit-times and arithmetic memory requiring Lhe These
additional periods can easily be produced by the feedback circuit in Figure k.
In such a circuit 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 information is now fed back to the reading-head,
amplified, and supplied to cxternal circuits and back to the writing-head
again. In this fashion a number of digits, not exceeding the digit-time
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delay between rcading and writing heads, may be made available periodically,
Such a system is termed a "recirculator", and recirculators having delay times
of 53 and L2 digit-times will be used for the short and arithmetic memorics,
respectively. (The 53 and L2 digit-times rather than 55 and LL will be explained
when inherent and cantrolled delays are taken into account).

b. Delays

Before pProceeding any farther, the question of inherent and controlled
Celays must be considered, for they arc necessary to the operation of the
Arithmetic Unit and to the synchronization of the machinc. 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), perma-
nently magnetizing it; this current pulse is triggered by a digit marker, so
the current pulse reaches its maximum a short time later than the digit
marker, an additional inherent delay is to be found in the amplifier. 4s a
result of this delay it is difficult to use the output of the amplifier to
directly recontrol the writing process, for the inherent delay is less than
one digit-time. The simplest means for solving this problem is to increase
the delay of the amplifier so that the total inherent delay becomes exactly
equal to one digit-time; any additioﬁal delay that may also be desired is to
be added in increments of one digit-time. The obvious difficulty that arises
at this point is that the digit read from the drum is one digit-time later
than when written, which still makes it impossible to control writing processes.
The way out of this apparent dilemma is to run portions of the computing machine
onc digit-time behind the rest, wi th means for regaining the lost time in
commmication between these sections. The system of "time stabilization"
proposed here is comparatively simple, and is showm in Figure 7. It will be
noted that the regaining of the digit time is accomplished by mecans of

recirculators,



ce Shifting Registers

In concluding the discussion of delay, it might simplify later dis-
cussion to state that the one-digit delay units which will most probably be
used are special "flip-flop" units (units having two ctable states of conduction)
which take on the state of conduction determined by two input trigger pulses.
One of these pulses is called a reset pulse, and the receipt of this pulse
causes the "flin-flop" unit to take on the state of conduction designated as
Pzero", 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 occurs. The change in state of conduction may be user
%o gencrate a trigger pulse similar to the reset pulsc but later in time,
ihe "change of state" trigger pulse is used as the second input trigger pulse
t0 an adjacent "flip-flop" unit and causcs this unit to take on the 'onae
state.” Considering a chain of such "flip-flop" units having a given con-
figuration of conduction states, the simultancous application of rcset pulses
to all units causes each unit to take on the "zero" state. Those units which
were previously in the "ond' state generato '"change of state! pulses whith are
applied to the following unit in cach case, causing the following unit to take
on the "one" state. In effect, then, the configuration of conduction states
noves one unit dom the chain each time the reset pulses are supplicd. Such
a chain is called a "shifting register", and converts a scrial input of infor-
mation into a static setting on the flin=-flop units. In zgplication in the
wisconsin machinc, the present nlans are to attain the full one-d:ié.t inhorent
delay in rcading by having such a flip-flop unit as the output stage of the
amplificr.

Onc more point to be considered about the "flip-flop" units is that the
units are to be symmetrical, so that the "zero" statoc and the "one" state
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differ only in the rospect that the potentials at two corresponding points in
the circuit are reversed; this will be useful for obtaining complements of a
number by “reading the opposite side" of the flip-flop units (the complement
also requires the addition of 1 in the lcast significant position).

d. Assignment of Digits

In order to discuss the operation of the Order Interprcter the assign-
ment of digits in the orders should be described. In Figure B a set of four
diagrams are shown which picture in reascnable detail: (a) assignment of
digits in a number, (b) general assipnment of digits in an order, (c) detailed
e3sigment of digits in a2n order, and (d) »recedence of control information.
Trcre arc a fow items of information regarding the aésigmncmts vhich arc of
interest. In the numbers the arrangement of the digits arc such that the
loast significant of the digits in both the numecrical and exponent groups are
at the left; and apocar first in time throughout the computer; in addition
all numbers which arc to be handled in the Arithmetic Unit will have a 1 in
the LOth digit (most significant) space, with the cxception of numbers for
speeial pufposcs (i.c., which arc to be addad or subtracted enly). In the
orders the LOth digit is retained as a 1 for all but the extract order, this
is provided so that addition of constants to the order addresses (locations
in Standard Memory) for opcrations on soquences of numbers may be accomplished
without modifyingz the Arithmetic Unit; similarly thc exponent section is kept
free in all but the extract order so that a single step is all that is neccded
for addition of constants to the order addrcsscs. Kecping the cxponcnt scction
froc docs requirc dual assignment of digits in several cascs and the signifi-
cance of digits in these positions deoond on the prescnee of other digits, as
shovn in the last diagram in Figurc 8. More compact grouping of the order
digits could be attained by using binary notation, but additional circuitry
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would be required for this. The "Short lemory" digit assignments are for
specifying either of the operands to be results of the previous or second
previous operations; only one such Short Memory assigrment is available in the
extract order, but this is sufficient to allow consecutive extract operations
on a given word,

Sufficient information is now available to cover the operational require-
cents of the rest of the coxputer units, These units will be taken in the
crder: (1) Order Intervreter, (2) Time and Track Selectors, (3) Arithmetic

Urit (covering each operation required), and (L) Input and Output Units.

e Order Interpreter

The Order Interpreter is shown in Figure 9. Its main components are
nshifting registers” wiiich receive the new order in serial form from the new
order Short Memory track, or from Standard Hemory if located in the last minor
memory cycle. This information transfer takes place during this last minor
zemory cycle and remains as static information on the shifting register for at
lcast one major memory cycle. It should be noted that the information is
divided into 5 parallel 10-digit groups (A, B, C, D, E), and that the (C)
group consists of three serics units (C, ', C"); also the (D) and (E) groups
consist of two series units (D, D') and (E, E')e Thc number of units in

sc:ics is determined by the number of major cycles during which the information
st te kept a*failable. The input to the 5 parallel groups governed by a
cyclic switch, allowing 10 digits to be read into cach.

a. The (A) and (B) Groups

The (A) 2nd (B) units contain (for addition, subtraction, multiplication,
division, comparison, and extract orders; A, S, Y, D, C, £ E) the locations
in Standar<d licmory of the two operands called for in the order, and are roquired
only during the following major memory cyclec. In the cass of tho specification
of a Short Mcmory address, any location may be specificd in the (A) and (B)
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scction (zcro being the simplest), and tho word in this location will be located
and placed in Short Memory, where its future will be governed by the Short
Memory address specified in the order.

In the cascs of the other four orders (Read-in, Read-out, Transfer, and
Halt; I, O, T, £ H) the (A) and (B) units contain information of a differcnt
nature, For I and O orders the (A) unit holds the address in Standard Mamory
into or out of which the first of a sequence of words will be transferred.
This address will be incrcased by 1 each major memory cycle (except for 2
special case discussed in the Input and Output scction), allowing the transfer
of a new word cvery major cyclc from Input to Standard Memory or Standard
Y¥omory to Outpute The (B) unit, for I and O 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 where some uncontrolled operation will

be performed, however, the result of this operation will not be allowed to be

written into Standard HMemory.

b. The (C) Growp

The three (C) units serve two purposes. In thc A, S, l, D, and E orders,
the (C) unit holds the address in Standard Memory into which the result of the
opcration will be written. The input to the (C) section causes the information
in (C) to be shifted to (C') and that of (C') to be shifted to (c"); making
the information in thesc units available for three major cycles. This is
necessary, for the address into which the result of an operation is to be written
cannot be used until this.rosult is available for storage, which is during the
third major memory cycle following the receipt of the order by the Order Inter-
preter. The second purpose scrved by the (C) unit is the storage of the address
of the following order in the caso of T, I, and O orders; the C order uses this
position for storing the address of the following ordcr under the condition that
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the result of a subtraction is zero or ncgative, but the information as to the
result of the subtraction is not availacle until the cnd of two m2jor mcmory
cycles, so this must bec kept aveilcble for transfer into the Order Sclector
scction until the rcsult is known. In tho T order this ncw address must bo
transfcrred immediately to the Order Sclector, and in I and O order a similar
transfcr must be made, but the new order camnot be rcad until the completion of
thia I and O opecrations, which may take a larse numbcr of major cycles.

Returning to the C order and the operatian of the Order Sclector section
of the Order Interpreter, it was stated that the address of the following order
ras to be found in the (C) unit in case of a zcro or ncgative resuit of a suk-
iraction. Thae function of the Order Sclector is to supply the addresscs of the
orders to the Order 'Timc and Track Selcector'!, and it accomplishes this function
by adding 1 to the previous order address cvery major memory cycle, thus provid-
ing orders from sequential storage locations; transfcr from this scquence of
orders is zrovided for by the C, T, I, and O orders and is accomnlished by re-
nlacing the address in the Order Sclector by the now address supplicd in the
order. Since the result of tha subtraction in the C order is not known for two
wholc major ncmory cycles, the Order Sclector will continuc roading orders from
the samc scquence for the two following cycles; in the casc of a positive resuls
tio of the desired operations have then alrcady becn started, and in the case
of a zcro or ncgative result the ncw order address is placed in the Order
Sclcctor and the results of the two undesired orders arc not allowed to be
written into Standard Mcmory (thcy became available for writing after the result
of the comparison islmown), and it is as though they had ncver been carried out.
In acdition to the above, the result of the subtraction ina Commarison order

sust not be written into Standard !:cmory.
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c. The (D) and (E) Groups

The (D) and (E) units of thc Order Interprcter shifting register contain
the information of the order type. The control digits in thesc soctions detcr-
minc thc typc of information contained in the (A), (B), and (C) units as wecll
es in the (D) and (E) units and arc not genorally necded until the operaads for
the order have béen located (except for T, I, O and H), which means thcy must
be stored until the sccond major mamory cycle during which they are used.

As shown in Figurc 9, the statemont that this is an Extract order
(digit LO=0) causes a particular intervretotion to all of the digits in the
(D) and (E) scctions. Thc statcment that this is notan Extract order but is
onc of the arithmctic arders (A, S, ¥, D, C) (digit LO=1 and onc of digits
31-35 arc 1) causcs a particular intcrorctation of the (T, I, 0, H) eroup of
digits (no interprctation is made of the (E) rroup in amy but the Extract order,
so they may be left blank or given values for special omerations in the Arith-
metic Unit)., The statcment that this is not an Extract or an aritlmetic order
(digit LO=1 and digits 31-35 arc zero), allews the T, I, O, and II group to
rcoresent these four orders. The properly interpreted digits supply cantrol
voltares vhercever needed throughout the computer, and are used generally for the

sctting of clectronic switches.

€. Timc and Track Sclectors

The four Timc ard Track Sclcctors arc essentially alike, 2t least in
function, and a representative functional diagram is shown in Figurc 10. The
Timc and Track Sclector consists of two main units, one o.i' thesc units is a
track sclector, which in effcct chooscs the correct position of a 32-position
switch. In actuality this is a binary to unitary translator, closing onc of 32
»ossibly contacts dutermined by the binary nurtor in a S-digit rogistecr. The

other unit is a coincidence dctector, which cemplctes the connection between the
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amplifier and the reading or vriting station when the sctting of a S-digit
binary "minor memory cycle" counter coincides with the S5-digit register sctting
vhich stipulates the angular position of the address. In practice the roading
and writing stations will be numbered O throuch 31, and tho minor memory cycles,
or angular nositions, will also be numbercd O through 31, The two S-digit
registers will actually be one of the 10-digit units in the Order Interpreter
stifting register, the specification of track and angular position cach require
C of the 10 digits and actually designate the physical position of the word in
Standard :icmory.

Sone sort of "lock" will be used to maintain comncction between the
traclk and amplifier for 2 full minor memory cycle, for in the last minor memory
cycle the information in the Order Interpreter siifting register will be anni-
hilated by the introduction of a new ordcr, but the Time and Track Selector
rnust continue functioning throughout this minor memory cycle with the previous

information. Sufficicnt time to sct the switches is available before the old

information is destroyed.

6. Arithmetic Unit
This scction covers the opcration of the Arithmetic Unit. Numbers (or

orders) are read into this unit during the first minor memory cycle of a given
ma jor mcmory cycle, two numbers arc read in at this timc and have becn called
oncrands Mo, 1 and No. 2. Theso operands are of the form :A-Zn and :B-th,
resoectively (A, a, B, and b, are positivc), where the first LO digits of
operand-llo, 1 constitute A, the next 8 digits constituting a, and the last two
digits giving the signs of a and A, respectively; operand ilo. 2, of course,
comes in preciscly the same order. As stated carlier in the assignment of
digits, the carlicst digits in A and a are the lcast significant digits,

A and B are acccpted in the Arithmetic Mcmory during the first minor arithmetic
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cycle, and thc succceding ton digits (a end signs and b and signs) are acccpted
by two "exponent shifting registers" for their opcrations.

It should be noted that the cxponcnts and signs appear in the exponent
shifting registers during the sccond minor arithmetic cycle (actually a 6 digit-
timc overlap occurs), so thcy arc not available for control until thc bezinning
of the third minor arithmetic cycle. This causes no difficulty in the casc of
multiplication and division, but in addition and subtraction considcrable diffi-
culty cnsucs, for decisions on shifting and on the actual arithmetic opcrations
are requireds This difficulty arises in thc four cascs in addition and sub-
traction vhich require the full opcrational time; these cases will be taken un
later on.

To investigate the operation of the exponent shifting registers and the
addition and subtraction cascs, it is advisable to first take up the mcthod of
handling numbers in these opcrations. The mothods of addition and subtraction
in the exponent registers will be about the samc as those used in thc rest of
the Arithmectic Unit,

a. hddition and Subtraction

There arc four cases in addition and also in subtraction, dcpending on
the algebraic signs involved, To handle the;e in the simplest way, onc of the
numbers (L) will be considered the "m2jor signed number", and all results will
first be obteincd with the sirn of A. Subtraction will be performed by adding
the complement, with respect to 1, of the subtrahend. (Only bracketed numbers
arc recorded in the result track). Sece Figure 12, |

The number, A or B, with the lcast positive cxponcnt is to be shifted to
the risht of the binary point by an amount cqual to the exponent diffcrcace

or 39, whichever is the smaller.
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(+)A + (+)B = +[A+B]
(*)A + (-)B = +[a + (1-B)] - 1
(-)A + (+)B = =[(+)A - (+)B]
(<)A + (-)B = -[(+)A - (-)B]
Subtraction
(*)4 - (+)B = +[4 + (1-B)] - 1
(+)4 = (-)B = +[A+B]
(=)A = (+)B = =[(+)A + (+)B]
(=)A= (<)B = =[(+)A + (-)B]
It should be noted that the algebraic sign of the "major signed number"

-(A + (1-B)] +1

-[4+B]

-[4+B]
-(A+(1-B)]+1

controls the indicated operation, that is, a ncgative sign associated with A
converts an addition to a subtraction or vice versa; this is in addition to
irdicating the trial sign of the result, The "minor signed number" has control
over its complement, that is, a negative B inverts the "complement decision”

of the indicated opcration (the indicated operation being the rcsult of the
originally spccified operation controlled by the sign of A): It is intcresting
to note that only two controls are required in this method, and that the control
voltages arae available in the cxponent shifting registers; ncgative A inverts
the indicated operation, and negative B inverts thea complement decision.

So far tho possibility of negative results has been ignored, i.c. the
sign of the result ¥ the sign of A, This car occur under only one condition,
namcly, when thoe complcment of B is added to A; this eondition occurs: four
times in the cight addition and subtraction casecs,

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

1>4,B30 where O is considered to be 2'!‘1 smallcr.



Casc 1: 4B
a2+ (1-B) =1+ (i-B) =1 +e¢

where: ¢ 0
so: &+ (1-B)p 1
Case 2: A(B

A+ (1-B) =1~ (B-a) =1 =¢

where: &'>0

so: A+ (1-B)< 1
Case 1 illustrates the condition that the sign of A is equal to the sica of
the result, and Case 2 the condition that the sign of A is opposite to the
sign of the result, Since the addition of the complement of B to A represents
the operation of taking the difference of two positive numbers, the [A-B/
is less than the larger of the numbers (A, B), and hence is less than unity.
This makes it permissible to inspect the Qizit-position of 1, and if a 1l
occurs in this position (Case 1), the result is positive and the correct
result is obtained by failinc to write the 1 in the "result memory track"
(failure to write 1 being equivalent to subtracting 1 from the result); if
the digit in the 1 position is O (Case 2), the result is negative and the
nuuber recorded is the complement of the desired number, the correct result
is now obtained by taking the complement of this recorded number and changing
the sign in the exponent register. (The inspection of the digit-position
of 1, which is the Llst digit-time of each minor arithmetic cycle, is required
for ascertaining signs only when the complement of B is added to A.)

The result of an arithmetic operation is written as aR.2%r , where
1>R)>1/2 and 2553r 30. In the addition and subtraction cases, where
1> A,BE30 and the unshifted number (A or B) is greater than or equal to one-
half, the condition [A+B]=R satisfies 2> R31/2, implying the need for
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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 exponent of A and B, either ta or tb, to obtain ir); the condi-
tion (A + (1-B)]= 1 2 R yields an R which satisfies 1D>R 30, implying the need
for inspecting digit-positions 2-1, 272, ..., 2740 guccessively until a 1 is
located or all are determined to be zero, each successive zero requires a
shift and the subtraction of 1 from the most positive exponent in order to
cbtain *r (in the event that all digits are zero, the present plan is to make
sr = =255 and the sign of the result negative, so zero is carried as a negative
nunber.)

be Exponent Unit

The Exponent Unit is shom in Figure 11; the main components are two
10-digit shifting registers, an exponent adder with switching controls, and
coincidence detector with shifting controls, The two 10-digit shifting
registers serve two purposes, They receive the two exponents with the algebraic
signs during the first minor memory cycle, and constitute digits 41 through
S0 of the numbers; since the first minor arithmetic cycle requires Ll digit-
times, the information is not completely received until digit-time 6 of the
second minor arithmetic cycle. If the arithmetic operation requires it to be
addition or subtraction, the algebraic difference of the exponents must be
obtai.néd for purposes of controlling shifting of the numbers A or B. The
second purpose served by the two shifting registers is to hold the largest
positive exponent and this algebraic difference between exponents. Since the
exponent information is too late for catrol during the second minor arithmetic
cycle, the rest of this cycle is available to be used to perform the arithmetic
operations on the exponents and obtain the desired numbers as settings on the

shifting registers, The means by which these operations are accomplished
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are very similar to those applied in the rest of the Arithmetic Unit (excent
that complements are on 28 instead of 1).

The arithmetic operations on the exponents will be controlled so that
the most positive exponent will occupy the shifting register formerly occupied
by (a), and the difference between the exponents will occupy the shifting
register formerly occupied by (b). Shifting ccntrol for the rest of the
Arithmetic Unit will be supplied by the (b) register, and will be accomplished
by allowing the Arithmetic Unit to continue shifting A or B until the "Coin-
cidence Detector" shows that the number in (b) matches the setting of a minor
arithmetic cycle counter, at which time the arithmetic operation is performed
and the result shifted the required number of »laces, Each shift of the
result requires adding or subtracting 1 from the (a) register, depending on
the direction of the shift.

For multiplication and division, the expcnent unit %ill be controlled
to yield the signed sum or difference, respectively in the (a) register; in
addition the sign of the result of the arithmetic operaticn on A and B will
be stored there., The (b) register is not needed for control in these two
operationss

ce Shifting in Addition and Subtraction

The method of shifting numbers in the arithmetic unit will be described
with the aid of Fimure 12. In this figure the output of the reading heads
of the recirculators are shomn to be obtainable at three different times
(in the result track there are five), they are: L3, LL, or L5 digit-times
Jater than the time of writing. Since the length of a @or arithmetic cycle
is L digit-times, the use of the output with Ll 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 L3 digit-time delay

to recontrol the writing will cause the digits to appear cne digit-time
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earlier ecach minor arithmetic cycle. Since the earliest digits are the lecast
significant digits, the L3 digit-time delay causes a shift of the number to
the right of (away from) the binary point and at the rate of one digit per
minor arithmetic cycle, The use of the LS digit-time delay causes a shift
to the left of the binary point.

Returning to the addition and subtraction operations (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.

lass (1) requires 39 shifts of one of the operands before performance of the
arithretic operation, and inspection of the Llst digit (if addition occurs)
for a possible "carry" in the most significant nosition, or inspection of the
L:Oth digit (if subtraction occurs) for a possible "borrow' in the most bsigni-
ficant position; the possible shift of the result requires the 4Oth minor
arithmetic cycle. Class (2) requires either zero or one shift of one of the
operands, performance of the operation (only subtraction causes difficulty)
and sequential inspection of the lesser significant figures until a 1 is found
or until all dizits are shom to be tero. The operation of the Arithmetic
Unit is such that three of four cases may be planned without difficulty, but
the fourth case requires the addition of a delay unit to the result memory
track (there are a number of ways to take care of the fourth case, but this
asnears to be the least comnlex)., The three cases contain all of class (1)
and '"'no shift" in class (2). To prepare for the three cases, the arithmetic
unit will be initially 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-B)] is to be stored in the result mamory track
vith one shift to the left of the binary point. This leaves the Arithmetic
Unit in a position to continie shift:Lné one of the operands, and to sihift the
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other one back, upon receipt of instructions prior to the third minor arith-
metic cycle; the result which may require 39 shifts is also available if the
instructions require it. The fourth case cannot be planned in any simple
manner, so it will not be carried out until instructions appear, 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 cycle,
when special control voltages are made available for several other operations,
(Actually two extra delay units will be provided in the result memory track

to simplify the Extract operation, so no appreciable contribution to complexity
is renuired.)

d, Multiplication

The multiplication circuit is shown in Figure 13, In each minor
erithmetic cycle the multiplication circuit multiplies each digit of the
rultiplicand by one digit of the maltiplier (suceessively more-significant
digits), and the new set of partial products are added to the shifted previous
sum of partial products (shifted one place to the right of the binary point).
The multiplication process is particularly simple, for nmltipiication by 1
or by O are the only cascs; pmultiplication by 1 requiring only the addition
of the multiplicand to the shifted previous sum of partial products; multipli-
cation by O requires nothing to be added,

Since 1>A,B 3 1/2, 1>A-B31/L, this implies the necessity for
inspecting the digit-position 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.

e, Division
The division circuit is shown in Figure li. The condition on the

division process which cnables carrying out the process in 4O steps, is that
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the dividcnd is loss than twice the divisor., Since the numbers, A and B,
satisfy 1)4,8>1/2, then 2B> A (exponent values ignored). The process of
division will be carried out essentially by continuous su‘btraétion, but with
a slight modifications
Let: A = R, (rcmainder after zero stops).

B=D (divisor)

qn beNthe nth generated quotient digit (n=l, 2, ...)

Gy = gl Qn* 21-n be the N place quotient.

The normal nprocess:

-n
Bp=2 "¢ D = Rpyy

If R4y is negative, make q;r*l = 0 and:

R-2fpe+2p-2" L pap-2"L p=r,,

The modificd processs

Rp= 277+ D = Ry
If Ryey is negative, make q 43 = O and:

R-2P D+2"™ L pap g+ 2™ D =Ry

The resulis are identical, but the steps required in the latter case
arc equal to the number of quotient digits generated.
As oroof that the condition on division is sufficient when utilizing
this divisional process: (only LO digits can be considered)
Lo
Uo = &

2P .o 2-39 (a11 q's being unity yiclds largest Q)
n=l

shere 2 = 2732 is the largest possible LO-dizit number, N, satisfying N< 2
so: (2-2"39) .D-= Rs
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A properly controlled division ecircuit is, then, capable of carrying
out the divisional process with the numbers A and B, It follows from the above
that Rye 27°< 2 + D, and also that R | « 272 « D, which will be of great
izporta:;ce in setting up the divisional process. To attain maximum accuracy
the full 4O significant digits of D will be retained, the remainder, R,, will
be shifted one place toward the binary point each minor arithmetic cycle,
Yielding:

R 2" p = Ro+1° 2n (for R, positive)

Although R satisfies | Bnl . 2n< 2 » D, it does not nccessarily satisfy
iR, ] e 2"¢1 (this is necessarily satisfied only for R, 0), so that comple-

ments must be taken on 2 rather than on 1, Since D(1:

Rye 2™ (2-D)¢2 + D2 +1
also: (for positive Rj)
R,- 2™+ (2-D)32 -D>2 -1
This makes possible the use of either the digit position 2 or 1 of the
remainder (digit-times L2 or L1l) as a check digit (to check sign of R, and to
obtain the quotient digit) for the result., The digit in the digit-position
of 2 is equal to the quotient digit, for if R . 2P} D, then R - 2™+ (2-D)>2,
and if R» 2°¢ D, then R - 2™ (2-D)<2. The digit in the digit-position
1 of the rcmainder is as good an indicationt, since it is Just the alternative
to the quotient digite The casc of a negative R, resulting from the subtrac-
tion (addition of the complement on 2) of D, yields the complement of Ry
Since the result of this operation yields actually 2 -|R;|- 2""1, the value
|R,-,' . 2“"1< 1, so the complement may be considercd to be taken on 1, which
is accomplished by not writing eithcr of the digits in the digit-positions
of 1 and 2, The shift of 1 ~|Rp) e Zn-l yields 2 -anI-Zn for the next

operation, which is the desired value,



-50-

The complete divisional process is accormlished by reading in A and
B, recording the first LO digits of A+(2-B) in the "A" memory track and B in
the "B" memory tracke The digit in the L2nd digit-time (or the opposite of
the Llst digit) 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 cycle, This quotient digit is available for control for the
next operation, and if it is a 1, the following operation is again to be the
sun of 2R1+(2-B) s Where 231 is the shifted LO-digit value of A+(2-B); if the
quotient digit is O, the following operation is to be (2-2R;)+B, where (2-273)
is the shifted LO-digit value of A+(2-B) as before. Again the new quotient
digit is found in the L2nd digit-time and is held over until the 3rd digit-
time of the following minor arithmetic cycle, the previous quotient digit
teing shifted one place toward the binary point. This process yields LO
binary digits and 1>4,B 3 1/2, 2>Q3}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 algebraic sum of (t)a - (%)b is required.

£f. Eb:tr#ction

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 neriod. This is accomplished by connecting the 10-digit exponent
shifting registers in series with the presently available LS5-digit arithmetic
memory tracks, totalling 55 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, totalling 57 digit-times, The shift of B
(in the "R" track) is under the control of the Order Interpreter, which has
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stored in the D and E units the information: (1) digits 31-36 specifying
the digit in A, with which the replacement begins; (2) digits 37, 38, L1-Lk
specifying the number of digits in A vhich are to be replaced; and (3) cigits
k5-50 specifying the digit in B which begins the replacement. To obtain the
proper control information, the digits L5-50 are to be replaced by (45-50)-
(31-36), where () means the number specified by the included digit-spaces;
the result of this subtraction yields the number of places that B must be
shi fied, ond the sign of the result yields the direction of the shift., Since
shifts up to 50 places may be required, and since only LO minor arithmetic
cycles are available, the allowance of 2-place shifts afforded by the 57
aveilable digit-time delay in the "R" track, is necessary.

The process carried out is: (1) shift B the required number of places
(B is in the "R" track), (2) write A into the "R" track until reaching the
digit specified by (31-36), (3) retain B for the number of digits specified
by (37,38, L1-LL), and (5) recommence writing in A until 50 digits have been
recorded. The desired result is nor available in the "R" memory track, and

srill be read into Short Hemory during the first minor memory cycle of the

following major memory cycle.

7. Input and Output

This section covers the Input and Output Units (see Figure 16), It is
planned at present to use punched-tape in input and output devices, but to
speed up the transfer of information between the magnetic drum and these
devices by utilizing a portion of the magnetic drum as intermediate memory.
The method which will be employed, is to supply two 32-word memory tracks for
each of the two functions, furnishing a 8l-word memory for each. The input

memory system will receive several digits at a time from the input tape,
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recording thesa 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 Si-word positions are filled
with new information, at which time the inmput tape is stopped. 7hen a Read-in
order is received by the computer, these words will be read into the "result"
Short Memory track during the minor memory cycle, corresponding to the angular
rcsition of the word in the input memory, and will be read in at the rate of
cne werd per major memory cycle., The first word to be read in will be the
word stored the longest in the input memory, so that the order of the words
read in will be the same as the order of the words on the punched tape. As
many wovds may be read in as is desired, but if they exceed 6k, the rate of
reading-in will be reduced to the rate at which the tape can supply them, If
‘!eés than 6L words are read in, c.g. N, the number of words to be supplied bty
the tape to input memory will be N, just filling the empty word-positions.

The control of the Input unit is to be supplied by two counters, one
recording the word-position of the next word to be supplied to the computing
machine, and the other recording the word-position being filled by the input
tape. Tiords can be read into the camputing machine until its counter setting
becomes equal to the tape-input counter setting, Similarly the tape can supply
dicits until its counter setting becomes equal to the read-in counter setting.

The Output Unit functions in a very similar fashion, receiving words
from the Operand No. 1 Short Memory track, and storing them, while supplying
groups of digits to a punching mechanism for permanent storage on tapes,

This completes the discussion on the chosen components and their

operational requircments,



CHAFTER IV
EVALUATION

In evaluating the proposed computing machine, the greater emphasis
will be placed upon the model to be built at the University of Wisconsin,
the 7ISC, essentially because more concrete statements may be made about its
exvected operational characteristics. The evaluation will be made with
recrect to problem preparation and programming, accuracy, speed of operation,
and rhysical complexity.

In simplicity of problem preparation and proframming, the integralls
synch-onized computer combines some of the better points of a number of th:
other computers. It incorporates the "floating point! feature, which has
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 allowed
to become much smaller, It should be noted that this feature m=y be'prognumm
in many of the other computing machines by a series of logical operations,
but the resultant speed of operation is greatly reduced.

The second feature which simplifies programming is the uniform accessi-
bility of the memory; that is, no preferential sequencing of orders and
numbers within the memory exists, for the full memory capacity is made avail-
able for the procurement of each desired number and order. This feature is
shared with the IAS Computer (Princeton, N.J,) and the EDVAC (Aberdecn
Proving Ground, Md.). The uniform accessibility of the memory comrletely
eliminates the stucy of the interrelationships between operational sequences
and an»oriiomment of storage locations which yield the highest rate of opera-

tion the computing machine is capable of attaining.
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The third feature does not have such an evident advantage, the feature
being a three-address order s’stcm rather than a sinpgle-address system; its
actual advantage being dependent on the operational properties of integral
synchronization. In the majority of the computing machines a saving of time
nay be aciicved by use of a single-address order systcm, for nurbers vhich
are to be used in successive operations may be retained in the arithmetic
unit, saving the steps of storinr and/or recalling them from the memary system,
Zn the integrally synchronized computer the full set of steps for the threa-
acdress order system are done simultaneously, requiring precisely the sane
lern7th of time that would be required if the orders were of the single-add=-ss
t:=:. The threc-address system has, 2s a result, at least one advantage f:or
srogramming simplicity, for no attenticn nced be paid to the order of arith-
nmetical operations leading *o the most efficient use of time. A sccond, but
rore ‘enuous advantare, is thct the three-address order system corrcsponds
to a complete arithmetical cperation which is generally a more familiar
concent than the sub-aritimetic operation cmployed in the single-address
system; the argument of familiarity is, of course, only valid in the case of
a relatively inexperienced programmer. A four-address order system is used
in the [OVAC. The fourth addiress specifies the location of the following
order, whercas the three-zddress system automatically reads orders from
sequential addresses, _

In fairness, it shculd be admitted that the advantages given in the
foregoing ara dependent on tie variety of pro'ﬁlcms vhich are to te solved in
the computing machine, for if the same type of problem is to be solved for
a large mmuer of cases, the ease of programming becomes relatively unime
portant. Tii3> uses of the TISC at the University of Tisconsin are exdected

to consist of a large number of greatly differing problems, each to involve
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a relatively small number of cases, hence the importance of simplicity of
problem preparation and programming.

In accuracy of computation the integrally synchronized computer comparcs
very favorably with all of thc rest of the computing machines. This machine
handles numbers in the form :p-z‘tq, vwhore p is expressed by LO binary digits,
approdmately equivalent to 12 decimal digits; § ranges from O to 255, yiclding
en approximete variation of 10:75 o The LO binary digits are about as many
as arc crployed in any of the commuting machines, and the floating point
feature allows the sustained utilization of the LO significant figures
throurhout the commutation, accruing errors due to round-off but not due to
variation in size of numbers. If greater accuracy is needed, it is possible
to program arithmetical operations to achieve 80 binary digits accuracy, as
is possible in most of the other computing machines,

The speed of opcration of the integrally synchronized computer is
Cirectly proportional to the presentation rate of digits, since an arithmetical
operation is performed every 1,760 digit-times, If mercury delay lines were
to e employed in the memory system, prescntation rates of one digit per
microsccond could practically be rcalized, yiclding an operation time of
1.76 milliseconds for all operations. The WISC will employ a magnctic drum,
=resenting digits 2t the rate of one di~it per ten microseconds, yielding an
operation time of 17.6 milliscconds (actually about 17 milliseconds is closer
to the operation time)e The 1,76 milliscconds is about the average time for
the electronic computers which utilize the mercury delay linc as a memory
device. The operation timc of the TISC is considerably slower, but no figures
arc available for comparison with othcer computing machincs utilizing a magnctic
drum as a memory device (the comparison must be made with thc average operation

time durinr computation, not with the minimum achievcable time). Comparison
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of operation time is quite difficult, for in the integrally synchronized
computer it is constant, wherecas all of tho other elcctronic computers require
different amounts of time for cach of the arithmetical opcrations, and each
of these times must be weighted with their frequency of occurrcence in computa-
tion before an average operation time may be detormined. It should be stated
that the TISC will definitely achieve the specd of opcration of a number of
clectronic computing machines, even though it cannot be considered as a hich-
speed elactronic computer.

The comparisén with regard to physical complexity can only be made with
sredicted requirements; these predictions are based on preliminary studics
of component requircments and upon the design and testing of a number of basic
units., These preliminary studics and tests have led to a prediction of
-cquiring in the ncighborhood of LOO vacuum-tube envelopes, but the actual
runber cannot yet be fixed,® The use of magnetic amplificrs is being consi-
dered, but no conclusions have yet been reached,

It secms clcar that the integrally synchronized computer rcpresents a
logical design which incorvorates a number of desirable features: (1) simpli-
~ity of problcm preparation and programminz, (2) sufficient accuracy, enhanced
by tha flecating point, for solution of most problems, (3) a speed of opera-
tion comparable to that attaincd by most clectronic commuters (the WISC
being a relatively slow version of the integrally synchronized computers),
and (L) a very considcrable reduction in the physical components nceded to

satisfy the requircments,

2 This number of vacuum tubes will not be supnlcmented by a large quantity of
germanium diodes, such as arc enployed in many of thae electronic computers,
for the functions pcrfomed by most of the vacuum tubes will be those of
shifting registers and amplifiers rather than performing logical opcrations,



APPENDIX 1
PROGRAZ! OF A SI!PPLS CALCULATION

£s an illustration of the process of programming in a computing
machine of the nature of the onc described in this thesis, a very simple cal-
culation will be employed. This calculation will bc programmed twice, the
first time ignoring the necessity for acquiring some of the numbers from
uShort Uemory" addresses and the second time including them.

The calculation chosen is the evaluation of tic polynomial £(x)=x3-7x-6
for valucs -2.5¢ x 3.5, where x is to be taken in steps of 0.1 throughout
this ranszce.

The wrogramming procedure will first be outlined and then carried out,

Re Outline

The Setup block will consist of placing xo(-Z.S) in the proper storage
location, i.c. where it is called for in thec various orders, and that the
location for the storage of f(xo) is properly specified.

The Opcration block will consist of gencrating i‘(xd) from x4 and
storing f(xj) in the specified address.

The Alternative block will. consist of comparing x4 with x¢(3.5) to scc
;£ the range of x has been covered. Provision for the transfer of the cal-
culational process to the proper following block, depending on the results of
the comparison, must be madc.

The Substitution block will consist of adding 0.1 to xj to obtain

X4+1s changinz the specified address for storage of f(xj,l) so that it will
not replacc and annihilate f(xj) , and then transfor to the begimning of the
Operation block for the following calculation. ([Scquential storage locations

will be chosen for the f(xJ)].
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The Completion block will consist of ordering the printing of the 61
valucs of f(x) and then halting the machine.
t. Programming
Storage of constants
0 - sava this for results of intermediate operations,
1 - store x,(-2,5) in this addrcss,
2 - store Ax(0.l) in this address.
3 - store the coefficicnt (7) in this address,
L - store the coefficicnt (6) in this address,
5 - store xp(3.5) in this address.

6 - store 1x2720 in this address. This number is used
to increase the storage location of f(xj) by wity
for £(xj+1).

Sctup Block

This tlock rcally nceds no nrogramming, for the value x, can be obtained
cirectly from the assigned storage location and replaced by xj for the rest

éf the points.
Ovcrational Block

Since thc constants and space for storage of intermediate results only
occupy the first 7 addrcsses, the first order in this group can be placed in
lccation 8, and the rest placed in sequential locations. (This is advisable,
since the Read-in order rcads information into scquential storage locations,
non-useful information would be required to fill the zap between constants and
orders, or clse two Read-in orders would be roquired).

Tllustration of Programming Symbolism

7 (1, 1, O, M,] the order in addrcss 7 smecifics multiplication of the
number in address 1 ty itsclf and to storc the result
in address O.




FProgram
7 [1’ 1’ o’ H, J X§ Storcd m 0.

80,3, 0,5, ] x2- 7 stored 4n O.
901,0,0,% ] x,(x2- 7) stered in O.

10 [0, L, 17, §, ] x0- Txo- 6 = £(x,) stored in 17.
This complctes the coding of the Operation Block.

Alternative Block

Again these orders should go into the following addresscs.

1[5 1,15 C, ] 3.5 - x, is checked for sign.

If the result is positive,the machine reads the order in address 12,
if negative, thc machine reads the order in address 15,

Substitution Block

12[2,1,1,4, ) x,* 0.2 =x, stores in 1 (xj41) replaces xj)

13 [6, 11, 11, 4, ] 17x2720+ 1x2-20 giored 4n 12 [address for f£(xjey)
replaces the address for f(xj)l.

L[, , 7, T, ) transfer to the order in address 7.
The machine now repecats the former process with a now value of x.

Completion Block

15 [17, 78, 16, O, ] Recad-out thc numbers in addresses 17 to 78 (61
numbers), then read the order in address 16.

16[ , , , H, ] Halt the machino,

Remarks

The machine calculates the values of t(xj) and storos thom in tho
locations 17, 18, - = =, 77, thcn prints out thesc results.

The information roquircd by thc mechine is the set of constants and
the orders, thesc must be provided by ‘thc input devico in the proper order so
that thcy arc stored in the specificd momory locations. The machine must also
be given a manual instruction to rcad this information into itseclf and then



procecd to carry out the first order. The Read-in order iss

(1, 17, 7, I, ] Rcad-in words into locations 1l up to 17, then carry
out the order in location 7.

The information must be supplied by the input device in this order:

2.5 These will be stored ins 1
0.1 2
7 3
6 b
3.5 5
1220 6
(1, 1, 0, 3, 1] 7
(o, 3, 0, S, 1 8
(1, 0, 0, 3, ] 9
(o, 4, 17, S, ] 10
(5, 1, 15, C, ] 1
(2, 1, 1, &, ] 12
(6, 11, 11, 4, ] 13
(., » »71 1N
(17, 78, 16, 0, ] 15
[, » » H,1 . 16

ce Program with Short Kemory Addresses (sec Chapter II)

The arithmetical opcrations in the Operation block frequently call for
numbers which arc the results of the previous or next previous operations In
such cases thcse numbers must be obtained from the ousput of the Arithmetic
unit or from the "Result" rceirculator in the Short Memory, respectively, for
they have not yot becn filed into Standard lemory. The destination of the
rcsult must be stipulated in cach order, but this rcesult is frequently required

before rcaching its destination,
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The "Short Hemory" addresses will be stipula:ted in this fashion:

[a, b, ¢, (1,0)¥, ] ipnorc address a, get number from the Arithmetic
unit,

(a, b, ¢, (0,1)¥, ] 4ignore address b, get number from the Arithmetic
unit,

[a, b, ¢, (2,0)M, ] ignorc address a, get number from Short Mcmory.
etc,

Thesc may occur in pairs as wcll:

[a, b, ¢, (2,2)¥, ] 4ignore a and b, gct these numbers from the
Arithmetic unit and Short Memory, respectively,

New Opcration Block Program

7 (1, 1, o, (0,0)y, ] xi stored in O,

& [0, 3, 0, (1,005, ] x°- 7 stored in O,

9 [1, 0, 0, (0,1)M, ] x,(x>- 7) stored in O,

10 [0, L, 17, (1,0)S, ] x2- 7x,- 6 = £(x,) stored in 17,

This is all of thc reprogramming required. The new sect of information
supplied to thec input device will be (Rcad-in, Rcad-out, Halt and Transfer
orders have no "Short Memory" addresses):

2.5 to be stored in: 1

0.1 2

7 3
6 L
3.5 5
1x2™20 6

[l,' 1, 0, (0,0)M, ] miltiply 7

[0, 3, 0, (1,0)S, ] subtract e

1, 0, 0, (0,1)K, ] multiply 9
[0, 4, 17, (1,0)S, ] subtract 10



(5, 1, 15, (0,0)c, ] compare
(2, 1, 1, (0,0)4, ] add

(6, 11, 11, (0,0)A, ] add

{ , o 5 T, ] transfer
(17, 78, 16, 0, ] read-out

( , » s H,]Hat

b2
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APPENDIX II
SURVEY OF PRESENT MACHINLS

The survey of computing machines prescnted in this chapter is not
intended to be cxhaustive, with regard to cither the machines included or the
information pertaining to them, but rather to present a few characteristics
appropriate to the cvaluation of the proposed computere. These characteristics
will include operating spceds, intcrnal mamory capacity, casc of programming
and complexity. Three relay computers, two mixed relay and electronic
computers and four clectronic computers vill be c:t:»ns:i.o:lercd."r

1. Harvard Mark I Calculator (IBM Automatic Scquencc Controlled Calculator)

The Mark I cmploys relays for switching and IBM countcr wheels for
storage and for arithmetical operations, The Machine's clements are (1) the
sequence control, which directs the programming from punched tape, (2) three
intcrpolators, which arc t.apé—fed wnits for sclccting data required in the
interpolation pfocess s (3) functional coumnters for controlling the inter-
polation of functions, and for computing logarithmic and trigonometric ijmc-
tions and printing, (L) a multiplying-dividing unit for 23-digit accuracy,
(3) 72 storagc counters for the intermcdiate storago of results uwp to 23
digits cal;acity, uscd for arithmctic operations and accumulation, and (6) a
storagc unit with a capacity of 60 23-digit decimal numbers which can be
jntroduced to the machine by manually sctting dial switches.

Arithmetic operations are performed to 23 decimal digits, but instruc-
tions can be introduced for 12 or L6 digit operation. Addition and subtrac-

tion arc accomolished in any of the T2 sdding-storage registers and requires

® These statistics were obtained from nH3 gh-Spocd Computing Dovices', by the
staff of Eagincering Rescarch Associates, Inc., Chapters 9 and 10.
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0.3 secconds., Multiplication and division arc performed in the multiplication-
division unit and require about 5.7 scconds and 15.3 scconds rcspcctively,
Calculation of logarithmic and simmle trigonometric functions are gencrated
by arra.:rs of rclay clements and requira about 1 minute to be gencrated,

The procrarming involves controlling the opcrations of the 72 adding-
storage registers as well as the rest of the componcnts, (A register is a
mcchanical or clecetronic device for storing a2 number, and may or may not be

able to perform the function of addition).

2. Harvard llark II Calculator

The Mark II cmploys relays for the intcrnal storage of numbers, for the
transfer of numbers, for performing the basic arithmetical operations, and
for sequenca control of thesec processce; the relays totalling 13,000, The
machine handles 10-digit decimal numbers and uscs the floating decimal point,
About 100 10-digit decimal numbers cdn be stored in the machinc; additional
:nternal or intermecdiate storage may be supplied by punching data on tapcs
for introduction to the machine at a later time.

A number N is represcnted by the calculator as N= ip x 10J whero
~-{P <10 anad -ng J<15, Addition and subtraction requirc about 0.2 scconds
Tor the complete operation, and multiplication requircs about 0.7 scconds,
Division is accomplishcd by multiplying by the rcciprocal of the divisor.

Six alzebraic and transcendantal functions are stored permancntly
within the machinc; the réciprocal, the reciprocal square root, the logarithm,
the exponcntial, the cosinc and the arctangent. These functions mry be
computed to cight or nine significant dizits in from 5 to 12 seconds if the
function and argument lic within the digit capacity of thec machina.

The machinc has 12 input mcchanisms, cach cmploying punched tape,
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Four of thcsc supply commands, four supply numbers, and thc other four arc
uscd for supplying the calculator with coded tables of functions,
It is interesting to note that the lMark II can be operated as a whole
on onc problem or can be split into two parts and cach operated scparately.
Programming again inwlvcs controlling the computer components, but
in this machine there are anly two adding registers comparod to the 72 adding-
storage registers in the Mark I and four multipliers compared to onc.

3, Bell Telcohone Laboratories' Model V

Thc BTL Model V consists of two computers, each containing all the
components nceded for dealing with a computational problem with the exception
of tapc reading devices which are used in common., The BTL Model V contains
more than 9,000 reclays and about 50 pieces of tcletype equipment.

Each of the computcrs contain 15 storage registers; 8 sign registers;

a calculator for thc basic arithmetic opcrations and square root coxtraction;

a routine control for directing the ecxccution of instructions to the computer;
a BTL rcgister, for "block-forming", or number-grouping, trigonomctric, and
logarithmic opcrations; a table recgister and table control for receiving and
storing numbers rcad from tablc tapes; a problam-registering problem control
f2r recciving and storing numbers from scctions of the problem tape; a printer-
registering printer control for roceiving numbers from various parts of the
pachinc and directing the process of printing and perforating; a discriminator,
which sclects one out of scveral mossible methods of computation and dirccts
the machine to perform onc; a rocorder table, which contains a printing re-
perforator, a tape transnitter, and a distributor.

Like the Harvard Mark II, thc BTL machine uses the floating decimal
point, cach numbcr consisting of a decimal number of sevon ai'gnificant digits
mltiplicd by an appropriatc power of 10, In this machine the axponents
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include thec range -19 to +19. Addition or subtraction rcquirecs about 0.3
scconds, multiplication 1.0 scconds,‘ division 2,2 scconds and squarc roots
about 4.3 scconds,

For problcms of medium complexity, usu.a.lly one computer is usod for
carrying out the computation., Fdr large problcms, the tw computers arc
associated by tho problem programming, and both are used simultancously during
tho computation. The sctup time has been reduced by provision of more problem
sctup positions than can be used at one time. In the Aberdecen installation
tiere arc two computers, but there are four problem positions, Tith this
arrangement two problems can be sct up on the two idle positions while the
computing cquipment is actively using the other twoe As soon as cither cne of
the two problcms has becn complctcd, onec of the standby problems is automati-
cally connccted in,

As in the other machincs, prograrming requires controlling the opera-

tions of all of tha registers,

ite 7EM Card-Prograrmod Electronic Calculator
This calculator combincs several IBM units to form the commlcte machine,

It uses the Type LO2 or the Type L17 Accounting Machine as tho master
~entrol unit and printer. The program for a calculation is contained on a
deck of cards which-'arc fed into this Accounting Machine. Each card carrics
an cight-digit instruction which spceifics tho locations in storage of the
fz:tors to ba operated upon, the opcration to be performed, and the disposi-
tion to bc mads of the result.

For internal storage, the calculator uses the 80 mechanical counters
with which the accounting machine is normally cquippcede A complcte record
of a calculation can bc printed at the rate of 150 lincs per minute.
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Cards arc uscd for cxtcrnal storages A Calculator Punch, Type 521,
is used to proparc thesc cards and also to rccord on cards the resnltg of the
calculations, Either onc or two Supplemental Storage Uxiits, Type 941, may
be uscd to provide storage for 16 or 32 10-digit signed numbers relayed to
it i‘mm the Type 604 Electronic Calculator. The Type 60L Rlectronic Calculator
s uscd to perform the various arithmetic opcrations. Additions or subtrac-
tions arc pcrformed faster than 2,000 por sccond, multiplications or divisions
at 85 a sccond, and any of these may be combined, The total time required te
czxry out the instruction on a card, however, is determined by the rate at
vhich cards arc suppliod, i.c. 2.5 per sccond, but the instruction may require
e rathor complex scrics of arithmetical operations,

The programming for the IBM-CPEC requires two differont kinds of
-perations: (1) wiring plugboards for ocach of the units so that the machines
i1l carry out the desired opcrations upon rcceipt of coded instructions, and
(2) punching cards with the coded instructions for the desirced operations at

any point in the calculation,
This machinc is at prescnt in use within the University of Wisconsin

Computing Scrvice.

S. The IBM Selective Sequence Electronic Calculator

This calculator employs vacuum-tube circuits for arithmctic opcrations
and for high-specd storage, switching, and othcr control orders. Relays and

punched tape form socondary storage units.

The calculator uscs card-stock tape of width equal to the length of
the standard IB!M cards, so amplc spacc is provided for -rupresmting 19 digit
dccimal numbors and algobraic sign per linc across the tape (rcpresentation

of the number is in binary or binary-coded decimal),
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The intcrnal storage capacity of this calculator totals about 20,000
19-digit numborq with their algcbraic Qigi. This internal storago is divided
among clecctronic, relay and punched-tape units, Elcctronic storage is pro-
vided for cight numbers, rclay storage is provided for 150 numbers, and the
punched-tane units provide storage for as many as 19,840 numbcrs. In addition
to the punched tape intcrnal storage tho machinc has table-consulting units
which utilize »munched-tape, and can store an additional 5,400 mumberse

The internal punched-tape storage systcm is comprised of three units,
cach having a punching unit and ten rcading stations, The table-consulting
units consist of 36 punched tapes and corrosponding rcading stations,

Addition, subtraction, multiplication and division are performed by
elcctronic-vacuum tube counting circuits, and this calculator contains more
than 100 clectronic counting units vhich can be combined for arithmetie
opcrations, Tho counters will add or subtract two 19-digit numbers in lcss
than 10 milliscconds, they will multiply two lh-digit numbers to yicld a
28-digit product in 20 milliscconds, and thcy will perform division of two
1ll-digit numbers to form a lli-digit quoticnt in about 30 millisccondse

' The programming, as before, rcquircs the éontrolling of the counter

units and the other components,

6. The MIAC (Elcctronic Numcrical Integrator and Computer)

Tho ENIAC is the first large scalc machine to make usc of clcctronic
circuits for gencral opcrations cxccpt for input, output, and certain switching
functions. Thors are LO scparate panels with a total of approximately 1,500
relays and 18,000 vacuum tubes,

The input and output units for the Eniac arc standard IEM cquipment
for rcading and punching cards, The numbers recad in by tho card reader are
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stored in rclay banks, called the "constant transmitter®, which makes these
numbers available to the opcrating compononts of the machine when required.

The ENIAC is provided with tw types of internal storage in addition
to the "constant transmitter", onc type.is a sct of 20 clectronic counters
or accumulators which perform the arithmetical opcrations as wcll as scrving
as an ixrbcmcéiate storage medium; the other type of internal storage is pro-
vided by two portable function tables. Thc basic di fference between thesc
two types of storage is that data can be stored in the clectronic accumulat rs
by thc machinc itself, whereas only the operator can store data in the functio:
tzbles. The storage space available in the finction tables is determinec by
the complexity of the problem, for this space, 3,000 decimal digits, is sharcd
by the orders which arc supplicd to the machince |

Addition and subtraction are performed in any of the 20 electronic
accuﬁulators, cach of which hold a signed 10-digit decimal number, and arc
carried out in O.2 milliscconds. Multiplication is performed in b or 6 of
the accuinulators , for 10 or 20 significant digits, and is controlled by
3 additional pancls in the computer. The time required for multiplication
1s 2 milliscconds, Division and extraction of squarc roots arc performed in
L accumlators, controllcd by onc additional pancl, and require about 20 milli-
scconds to complotce.

The ENIAC was originally provided with hand-sct plug conncctors to
wirc thc various units into proper scquence, but this arrangement has since
been changed by the addition of a "converier®s The converter cnergizes ary
one of 100 lincs, dotcruined by a pair of docimal digits, thus initiating
the decired opcration. The programming roquires manually sctting the two-
digit ordors, in tho desiroed soquence, on the portable function tablecs.



7. The EDVAC (Electronic Discrete Variable Ccmputer)

The EDVAC is unique among the computers considered in this thesis in
that it utilizes completely serial operation and also because all arithmetic
processes are self programmed, i.e. it is not necessary to bear in mind tho_
operational properties of accumulators in order to program the computations,

The computer has an internal memory capacity of 1,024 Lh-digit binary
numbers, one of which is the algebraic sign. This memory consists of 128
acoustic delay lines (mercury-filled tubes), each of which holds 8 numbers
in continuous circulation, The internal memory is used for storage of both
nunders and orders, and the division is at the discretion of the programmer.

Addition and subtraction require aboﬁt 1 millisecond, including all
transfers of numbers, Lultiplication and division require about 3 milli-
seconds, Arithmetic operations may be performed to double precision, or to
33 sicnificant binary digits. The EDVAC has two separate arithmetic units
wnich may be connected to a comparison unit, and hence can detect errors.

Input and ocutput for the EDVAC are furnished by punched tape, but
higher speed devices are being designed and constructed. The total number
¢l vacuum tubes in the EDVAC is about 3,500,

The programming is accomplished by supplying the desired set of l-address
orders to the machine, The L-address order in general specifies a complete
aﬁtMeﬁcd operation, that is, it specifies the location of the two operands,
the operation to be performed upon them, the location in which to place the
result and the location of the following order to be read. In contrast to the
L-address order, most computers use a single-address order, spec¢’ f,rinc the
desired operation to be performed with each individual number, and consequently

requires a much larger array of orders, approximately four times as marny orders

are required,



8. The UNIVAC (Zckert-lauchly Computer Corporation)

The UNIVAC is 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 Hap Service), and hence requires both of these unique features to a
high degree,

Part of the self-checking features are provided by the representatios
of numerical and alphabetic data. A character, number, or letter, is recre-
sented by 7 binary digits and, since § digits are sufficient to cover the =2zg-
inciaced, 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 is odd.
All data handled by the machine is checked in this way, and periodic checks
are made of all characters stored in the high-speed memory. In addition the
arithmetic operations are performed in duplicate and compared. Any error
cauces the machine to halt the computation and to indicate the nature.of the
failure.

The input and output units for the UNIVAC are magnetic tape readers
and printers. The magnetic tape furnishes the exceedingly large memory capa-
city, totalling more than one million characters per reel of tape and provi-
sion for connecting the computer to any of ten such reels, The high speed
internal storage is supplied by acoustic delay lines, and furnishes storage
of 1,000 1l-digit numbers,

Addition and subtraction are executed in less than 0.6 milliseconds,
multiplication requires about 2,5 milliseconds, and division less than 4.0
milliseconds, Either a 22-digit product may be obtained or an 1l1-digit product
with proper round off, according to the instruction used,
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Information regarding the amount of equipment or the programming
for handling alphabetical data is not immediately available,

9+ The IAS (Institute for Advanced Study Computer)
The IAS computer is highest speed machine to date, performing complets

additions and subtractions in less than 100 micro-seconds, Multiplication
and division require about 300 to LOO microseconds, This machine is not
yet in operation,

lixed input and outjut systems are planned., Punched tape will be uz.<d
for the initial coding of problems, and the data will be transferred from the
nunched tane to magnetic wire for inmut to the machine. The same system will
be used in reverse for output, This system allows essentially continuous
transfer from punched tape to magnetic wire at a low speed and a discontinuous,
intermediate snheed transfer from the ma-netic wire to the internal high speed
nemory of the computer,

The internal memory of the IAS computer is fumished by a bank of 41
cathode-ray tubes, which store binary digits as charged areas on the screen
(Williams tubes). Storage for 1,024 LO-digit tinary numbers is supplied by
the memory. The operation of this memory is completely parallel, that is,
each tube stores one digit of a number, and in corresponding positions of the

williams tube screene

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 must be controlled for each number handled in
the computation.

The foregoing survey of computinz machines has presented the trend of
design in speed of computation and in internal high-speed memory capacity.
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In actuality these two properties are not independent for high speeds of
computation require a correspondingly rapid supply of orders and numbers, and,
since in most calculatiohs the operations are iterative, a sufficiently large
supply must be maintained, It is 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 cormputers so,
since problems can be arranged for solution without it in most cases, they
have been built with a fixed point. Nevertheless, the floating point is of
great advantage for almost 211 problems, for intermediate steps do not have
tn be investigated for sizes of numbers, and functions which possess a large
range of variation do not require chanzing the problem setup for the different
ranges.,

The methods of programming of problems for the EDVAC was noted as being
different from that of the other machines. The EDVAC programming involved
specification of camplete opcrations and hence the programmer did not need to
understand the operational properties of the accumulators. This system has both
alvantages and disadvantages, The advantages are found in the ease of program-
mirg, for very little experience is necessary before an individual may properly
program rather complex calculations, The disadvantages are to be found in the
maximum usage of the computer's potentialities, for in the other systems of
programming it is possible to save steps in various parts of the computation
by retaining the result of an operation in the accumlator as an operand for
the next step, thus not requiring recall of this number from the memory.,
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APPEMDIX IIT
SURVEY OF COLPUTING MACHINE CO:PONENTS

A digital computer in general consists of five major components (seo
Figure II): €1) an INPUT device which supplies informa*ion (orders and
numbers) to the computing machine; (2) a iTMORY system which stores t.h‘.
information until the desired time and presents the information to the desired
olace upon instruction; (3) an ARITHMETIC component which performs the desired
cperations on numbers upon instruction; (l) a CONTROL unit which interprets
orders and supplies corresponding instructions to all other units, the orde:s
teing supplied by the memory or input or both and under control of the CQ'TRCL
wnit itself; and (5) an OUTPUT device which prints or punches the results

of a computation

1, ﬁems Z
The component which has received the zreatest attention in the past

is the memory system. The various devices which are scrving in present machines
can best be classified by attributes for proper evaluation.

Erasable - Nonerasable — In the erasable class information which is

r.o longer needed may be erased to provide space for storage of ncw data,
whereas in the nonerasable class additional memory space always must be
supplied if new information is to be recordeds Far example, a magnetic tape

is erasable, a punched card is not. It follows that an erasable system requires
a smaller physical capacity to handle a given amount of information, since

part of it can be used over and over.

Volatile - Nonvolatile -—- In the wolatile class the permanency of the

information depends upon the continued supnly of power to the memory device,
and in the event of ,a failure of the power supply the information is lost,
A nonvolatile memory device retains recorded information indefinitely without
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requiring power., Typical of the wolatile class is the electron-tube relay;
nonvolatility is represented by a mechanical relay, with a self-latching
device, Other things being equal, wolatility is certainly an undesirable
feature, since it requires redoing at least a portion of a nroblem in event

of pover fallure at the storage 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 switch. In the movable class the memory medium is movable
in space, and to obtain a particular item of informetion that portion of the

memory must be moved to the reader before the switch is closed. In the cyclic

class thc information in the memory is kept in constant circulation so that
all portions are passed by the reader in sequcnce, and each ithm is available
at a definite instant of the cycle, each cycle. Reading information from such
a device consists of closing switches at the right time. A bank of relays
typifies the static class, a stack of IBM cards the movadble, and a rotating
mapnetic drum the cyclic. In general, static devices are the fastest, but most
expcnsive of both space and equipment; movable memories are very compact for
their capacity, but may require prohibitively high access time. Cyclic devices
furnish various degroes of compromise between these extremes.

Tith thesc factors in mind, some of thc commoner devices can now be
evaluated with regard to cost, access time and reliability. Access time to an
item of information varies from a few scconds for the slower devices, through
the millisecond ransje for the intcrmediate types, down to perhaps ten micro-
socands for the very fastest memories, TableII illustrates in greater detail
such a classification of thesc momory devices. The conclusions might be

summarized as follows:
Punched cards and tapes: alow in operation, comparatively quite inexpensive,

and vory reliable,
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¥echanical relays: slow in operation, very expensive and bulky, and very

reliable,

Vacuum~-tube relays: fast in operation, very oxpensive, require large amounts

of space and power, and not too reliable due to volatility and short tube life,

Electrostatic storage (Tilliams tube): very fast in opcration, much lcss

expensive per digit than individual tubes but still subject to considerzble

development for entirely satisfactory operation, and not too recliable due to

volatility,

Magnetic wires and tapes: intermediate in speed of operation, inexpensive,

cormact, and quite reliable.

Hagnetic drum: intermediate in speed of operation (faster than wires and
tapes), inexpensive, compact, and quite rcliable.

Sonic delay lines: fast in operation, inecxpensive, but less reliable due to

volatility and temperature control requirements,

2, Input and Qutput

Input and output devices in general consist of movable and nonvolatile
merory devices 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, iagnetic wire and tape have the advantage of higher rate of trans-
fer of information and erasability., The choice of input medium depends upon
the input or output specd requircments, Perhaps the best input-cutput systems
for high speed memorics are mixed systems where the magnetic wires or tapes
ara supplied with information from the punched cards or tape fairly contimu-
ously, and in turn transfers this information at a much higher rate, but very
discontinuously, to the hich speed memory. This is done in reverse for the
outpute In a system of this type the high-spced memory is not slowed down to
the input device's speed during rcading-in periods, for the intermediate



speed device functions as a specd-matching unit between the two.

3+ Control
The control wnit is a component thzt must be tailored for a particular

machine, and depends upon the choice for all the other units in the computing

machine,

)40 Arithnetic
In the arithmetic component there is a similar range of possibilities,

The choices 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 serial operation; i.e. addition or subtraction of all
digits in the two numbers simultaneously, or corresponding digits a pair at
2 time, Parallel operation is accomplished in a much smaller period of time,
for example, to add two ten digit numbers using sefia.l operation takes about
ten times as long. However, the amount of equipment required for parallel
opcration is about ten times as large.

(2) The number system to be enmployeds Decimal notation has the ad-
vantage of familiarity and corresponding ease of interpretation, but has the
disadvantage of requiring fairly complex circuitry to carry out the arith-
metical opcrations, 4 number of ways of representing the ten digits have been
cmployed, such as ten-position counters, biquinary or mixed base two and base
five, binary-céded decimal, and binary-coded decimal excess-three. Each of
these systems have their advantages and corresponding disadvantages in simpli-
city of circuits, circuit design or checking,

Binary notation, using only two distinctive digits, zero and one,
possesses two important advantages for machine simplicity. The first advantage
is the much smaller number of machine components required to produce analogues
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of the arithmectic operations; part of this advantage id due to the propertics
of circuit clements and part is duc to the properties of the binary systhm
jtself. The sacond advantage of binary notation is that it requires lcss
storage space to store a given number of itcms of information than doecs any
other number system, The disadvantage of unfamiliarity with binary mubers
can be greatly rcduced, for arithmetic sequences may be employed to change
rumber systems within tho machine; i.c. nurbers may be supplied to the machine
in the form of binary-coded decimal numbers and be translated internally to
tinary nucbers for use in calculation, the results of the calculation may
2gain te translated from binary to binary-coded decimal numbers prior to
nrinting out,

(3) The use of a fixed or floating point in positional notation; i.e.
the use of a fixed number of decimal (or bimary) places, or a fixed nurber of
significant figures, In floating point notaticn, a nutber is written (for
cxample) with the first significant digit immediately following the point,
followed by the given number of significant figures, and the order of magni-
tude of the number indicated by an appropriate power of ten (or two). Such
notation not only increases the overall accuracy of the machine, utilizing
maximum accuracy for every calculation, but it also greatly simplifics the
nreparation of problems for the machine, Tithout it, much care must be
cxercised in so adjusting scale factors so that no intermediate result in the
calculation will exceed the machine's capacity and so that the largest possible
number of significant. digits will be maintained. The floating point fcature
may generally be programmed in the electronic computars, but a considerable
decrease in spced of computation and storage capacity results, Inclusion of a
floating point, then, requires a more complex machine and a greater storage
capacitye.

This survey of machine componcnts should serve to cmphasize the more

salient features involved in choosing elcments for a computing machine,



OPERATION

STEP
READ Locate Opcrands Perform Oporation Filc Away
MAJOR ' called for in called for in tho Result of
CYCLE NUMBER ORDER NUMBER ORDER NUMBER ORDER NUMBER ORDER NUMBLR
— —_—

N N N-1 N-2 N-3

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

N+2 N+2 N+1 N N-1

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

N+k N+l N+3 N+2 N+l

otc,

Table I - This table shows the oveorlapping of tho four opcrational
steps. Tho four steps in any row arc being carricd out
simultancously, and arc steps rcferring to four scparate

ordcrs.




Table II
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Type of Hemory Speed FErasable Volatile Static Movable Cyclic Cost

Funched Cards ¢

Tapes slow no no v low
Yechanical relays slow- .yes no high
Vacuum=-tube

relays fast yes yes high
Electrostatic
(ttilliams) very fast---yes yes mecium=
fast - J —e-itigh
ilagnetic vires
£ tapes medium yes no v e 1OW
lfagnetic drum medium-
fast- yes no V4 low
Sonic delay lines fast yes yes v low
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Figurc 1 - Basic Componcnts of a Computing Machine
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Figurc 2 - Flow Diagram of a Scqucnce or Subscquence

Each block rcprescnts a group of orders
required to carry out the designated

opcrations, Thc interconncctions show
the flow of calculation,
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The recirculator is esscntially a delayed
fecdback circuit, the information storced
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prescnted for external usc and for
recirculation throuch the delay scction.
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gnificant digit sign of nent i
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Figurc 8a - Assignment of Digits in 4 Number

A B C D E
location (10){ location (lgjlocation (10)} order type 0Q order tvpe (p)
Operand Ho. 1 Operand No. 2 Result All orders Extract only

(1-10) (11~20) (21-30) (31-L0) (L1-50)
Figurc Bb - General .issignment of Digits
in an Order
Section A B c D T E
. . R Order and
Order Location Location | Location | ghort Memory ..ddress
addition augend addend sum gégg?g.m —

) ) i 32 order
Subtraction minuend subtrahenq differcneq (36-39)S.M{ ——
eyt . . 33 order _
Multiplicatiqn _%éph- multiplieqd product (36=39)S.X.
Division dividend | divisor | quotient %géf;g%"_ —

. 35 order
Comparison minucnd subtrahcné next order (36-39)s.x{ —
Read-in first word| last word | next order| 36 order -—-

(1) :
Read-out first word list)word next order| 37 order —_—
+]
Transfer - - next order| 38 order -
Halt - - — 39 order —
LO order

Extract Operand NOJl[Operand Na2| now vord | 39 S.M. (. only)
Extract spccificati
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(L>=oU)

Figurc 8c - Dotailed .issignment of Digits in an Order
(S.l1. in D scction refers to short memory locations).
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