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ABSTRACT 

The constantly expanding application of computers in many 
areas of science and industry has led to a requirement for 
differential equation solvers with combinations of speed, accuracy, 
economy, and reliability not presently available. Improvements in 
the design of digital differential analyse'* will enable them to 
meet some of these requirements* This thesis explores several 
different methods of extending the capabilities of the digital 
differential analyzer. 

The complete logical design of an integrator using parallel 
binary arithmetic is developed. This design Is suitable for 
integration rates up to 5 mc., using presently available semi
conductors. Next, an experimental investigation of a new technique> 
magnetic matrix logic, is described* This technique is found to be 
economically unsuitable for use in the DDA, but it offers Interest
ing possibilities for other applications. 

Third, the system design of a seriallyrorganised DBA using 
parallel arithmetic and magnetic-core storage is developed. This 
design Is suitable for iteration rates up to 5 kc>, using presently 
available cores. Finally, the basic theory of modular arithmetic 
is presented, and its application to the ODA is investigated. 
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CHAPTER I 

INTRODUCTION 

The solution of differential equations is one of the most conation 

problems arising in many areas of engineering and science. It is aiso 

one.of the more difficult and time consuming problems* Thus, it is not 

surprising that solution of differential equations has always been a 

major area of interest, in the-vast field of computer technology. Indeed, . 

modern computer technology is generally considered to have started with 

a differential equation solver, the HIT mechanical differential analyser, 

built in 1930,133 

Today the mechanical differential analyser has passed into history, 

replaced by its electronic descendents* Basically, there are three dis

tinct types of computers used for solving differential equations* There 

is' the electronic differential analyser, commonly referred to simply as 

the analog computer. There is the general-purpose digital computer. 

And finally, there is the subject of this paper, the digital differential 

analyser, the PDA. 

All three types were initially, developed at about the same time, 

in the period from 1945 to 1950. All three have had their valid areas 

of application, as determined by their respective characteristics and 

limitations* Of the three, the DDA has found by far the most limited 

^Superior numbers, when they appear in the text, are the 
numbers of references given in the bibliography. 

1 



area of application. However^ technological developments have opened 

the way to considerable extension of the capabilities of the DDA. Also, 

new requirements in the field of differential equation solving have 

arisen in the last few years. For these reasons, a reappraisal of the 

relative position of the DDA with respect to the other two types of 

computers is warranted. 

9 

It will be assumed that the reader is at least generally familiar 

with the operation of the analog computer and the general-purpose digital 

computer, but a very brief description of the operation of the DDA will 

be presented here. A more detailed presentation of DDA theory will be 

found in Chapter II, but the following discussion should suffice for 

the present. 

The basic operation in the DDA is incremental integration. The 

DDA integrator consists basically of two registers and gating circuitry 

to control the addition of the contents of one register into the other 

register. ' In each cycle of the integration, the value of the dependent 

variable is brought up to its current value by the addition of Increments 

of this variable. The value of the dependent variable is then multiplied 

implicitly by the corresponding increment in the independent variable. 

Thi8 product is then added into the other register in such a manner as 

to determine the corresponding incremental change in the value of the 

integral of the dependent variable with respect to the independent 

variable. The other operations required in the solution of a differential 

equation, such as multiplication and addition, are also carried out 

incrementally, by very similar methods. 



All presently existing DDA's use this same basic method of in

tegration, but there are two distinct types of machine organization 

used for problem solution* In the parallel DDA, a physically distinct 

integrating unit of the type described above is required for each 

integration required in the problem solution* These integrators are 

interconnected in a sort of topological map of the equation, in 

exactly the same manner as the integrators in an analog computer. 

These integrators are all processed in parallel, so that each computa

tion cycle produces one Increment of the complete problem solution* 

In the serial DDA, there is only one integrator of the type 

described above* The current state of the variables involved in each 

of the integrations required for a problem solution is stored in a 

memory unit* The integrator unit sequentially perforins the integration 

on each set of data and stores the results* Thus, it requires as many ' 

computation cycles as there are integrators to develop one increment of 

the complete problem.solution.. In this paper, integration time is de

fined as the.time necessary to process a single integrator! iteration 

time is defined as the time required for a single processing of all the 

integrators required In a problem. In a parallel DDA these two times 

are the same* 

DDA'8 may also be classified according to the type of arithmetic 

used* Whether a machine is serial or parallel in organization, the 

arithmetic involved in each integration may be carried out in either a 



serial or parallel manner.''' All DDA's constructed to date have used 

serial arithmetic. In the early 1950*8, some half-dozen firms marketed 

one or more DDA models* All were aerial machines with serial arithmetic 

and magnetic-drum storage. These machines typically used 100 kc. circuitry 

to attain computation rates of 100 iterations per second. In 1958 Packard-

Bell announced the TRICE computer, a parallel DDA with serial arithmetic. 

TRICE uses 3 mc. arithmetic to attain a computation rate of 100,000 itera-

"70 
tion.i per second. 

With this background, the relative merits of the three types of 

computers may be appraised. With respect to the analog computer, the 

principal advantage of the DDA is higher accuracy. As with any digital 

machine, the accuracy of the DDA is in theory unlimited. The DDA's 

mentioned above provide accuracy in the range of 1 part in 10^ to 1 part 

9 
in 10 . For analog computers, individual components typically have a 

static accuracy of 0.1 percent, but the accuracy of a complete computer 

on complex problems is more likely to be in the range of 2 percent to 

10 percent. 

A second very important advantage of the DDA is the fact that it 

can integrate with respect to variables other than time* This capability 

extends its field of useful application to classes of equations totally 

beyond the capabilities of the analog computer. 

^Throughout this paper the reader should be careful to 
differentiate between serial and parallel organization of the DDA, 
and serial and parallel arithmetic within the individual units of 
the DDA. The- author will do his best to keep his meaning clear at 
all times. 
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Another advantage of the DBA la the fact that it is possible to 

exchange accuracy for speed, i.e., the accuracy-bandwidth product is 

constant. The nature of the incremental integrator is such that the 

output can vary by only one increment per integration cycle* Assume 

that a problem is scaled in such a manner that each increment is to 

represent 0*001, and the problem solution requires ai total variation from 

0 to 1 in the output variable. Then the minimum possible solution time 

is 1,000 iteration cycles. But if the problem is scaled so that each 

increment represents 0.1, the minimum solution time is 10 eyeless. 

Additional advantages are freedom from drift, reduced main

tenance, and ease of error detection. These three factors are closely 

related. Because the DDA operates on discrete levels and cannot drift, 

constant adjusting and balancing to maintain accuracy are not required. 

Also because the operation is discrete, a failure in the DDA is likely 

to cause a sudden, easily detectable change in behavior, rather than a 

gradual deterioration in performance. 

The disadvantages of the DDA with respect to the analog computer 

lie in the area of cost and speed. The serial DDA is economically com

petitive with the analog computer, but its speed is' not even comparable. 

To obtain the accuracy which is the DDA's chief advantage, computation 

times of'minutes and even hours are required. The parallel DDA will 

approach analog speed in some applications, but it is considerably more 

expensive. 

The advantages of the DDA with respect to the general-purpose 

digital computer lie in the same areas of speed and cost. The general-

purpose digital computer id rather slow and inefficient at solving 



differential equations, for two reasons. First, it must operate in 

a basically serial manner* Second, because of its complex command 

structure, each integration cycle involves many small steps. These 

drawbacks are partially offset by the fact that the general-purpose 

machine can use more cooplex solution methods, such as higher-order 

integrations, or various difference methods* It is difficult to make 

general comparisons, since so much depends on the particular equations 

to be solved* Very roughly, the cost of a DDA will be no more than 

one-tenth that of a general-purpose machine capable of solving 

131 
differential' equations with the same speed and accuracy. 

Another advantage of the DDA is that it will be more reliable 

than the general purpose machine, because it is less complex. 

In light of all these factors, two questions should be con

sidered. First, what are the most likely areas of application of the 

DDA? Second, what improvements in the'capabilities of the DDA will be 

required by these applications? 

One very important application of the DDA is in the simulation, 

control, and testing of missiles. Many problems in these areas require 

a combination of speed and accuracy that only the DDA can supply. 

Specific information on these problems cannot be obtained because of 

military security, but it would seem that at this time the TRICE com

puter is adequate in most cases. However, it is not much of an extra

polation to assume that the need for even faster machines will arise. 

A second application of the DDA is as a general-purpose differen

tial equation solver in many areas of research. It is in this application 

that the serial DDA haft been used, but even here the slow speed has been 



7 

* severe limitation* If a DM can be developed with a speed of at least 

1,000 iterations per second, at about the same cost as present serial 

DM's (under $100,000), it should find wide acceptance* 

A third area of application for the DM is industrial process 

control* The use of computers in industrial control is a relatively 

new field, but already the need for a computing capability that can best 

be supplied by the DM Is apparent* There are many applications requiring 

• a differential equation solver that is more accurate than the analog 

computer, cheaper than the general-purpose digital computer, and more 

reliable than either. The DM meets these requirements, but machines 

40 
faster than the present serial DM's will be required in most cases* 

In all three areas of application it is seen that higher speed 

will be required* In addition, maximum reliability is an especially 

important consideration in the control area. The author believes that 

the most promising approach to these problems at this time is parallel 

binary arithmetic. Serial arithmetic has been used In all DM's built 

to date because It requires fewer components than parallel arithmetic, 

and is thus cheaper and more reliable. However, continuing developments, 

particularly in the areas of semiconductor reliability and modular 

packaging and miniaturization, have greatly decreased the Importance of 

this factor. 

An alternative approach would be the use of faster serial arith-

• ' 

metlc, but it is probable that this would lead to only a small Increase 

in speed, using components available today or in the near future* In the 

case of the serial DM, the speed of the memory is the limiting factor* A 

British group has pushed the speed of a serial DM with serial arithmetic 
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up to 500 iteration® per second by the use of a core memory.^"* The use 

of parallel arithmetic with the same type of memory will make possible 

a speed of 5,000 iterations per second, using components available today* 

Further increases in the speed of the serial DDA will require faster 

memories. 

In the case of the parallel DDA, TRICE already uses 3 mc. 

arithmetic to obtain a 100 kc. iteration rate* It is unlikely that this 

speed can be pushed beyond 500 kc. with serial arithmetic for several 

years* Parallel arithmetic will make possible a 5 mc. iteration rate 

with currently available components. 

Finally, in the area of extreme reliability, magnetic logic is 

the most promising technique in sight. Magnetic logic elements are 

almost completely reliable, but the maximum pulse repetition rate usable 

with these elements is at present (and probably for some years to come) 

about 100 kc. This limitation will force the use of parallel arithmetic 

for most DDA applications. 

In this thesis, various aspects of the problem of applying parallel 

binary arithmetic to the DDA will be investigated in detail. In Chapter II, 

a brief summary of DDA theory is presented, in order to provide the reader 

with a proper background for the discussions to follow* In Chapter I'll, 

the complete logical design for a fully-transistorized integrator using 

parallel binary arithmetic is developed* .. The design of other units re

quired in a parallel DDA is also discussed* In Chapter IV, the possible 

application to the DDA of a new type of magnetic logic, magnetic matrix 

logic, is investigated. An experimental investigation which was made to 
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explore the practical potential of this method, both for the DDA and 

other application*, la described* In Chapter V, the logical design 

Of a serial DDA using parallel arithmetic and magnetic-matrix storage 

is developed. 

This research started with an investigation into the possible 

use in the DDA of a new type of arithmetic, modular arithmetic. After 

a considerable amount of study, it was decided that modular arithmetic 

is not practical in its present state of development, and it was dropped. 

The basic theory of modular arithmetic and some conclusions regarding 

its present and future applications are presented in Chapter VI. 



CHAPTER II 

THEORY OF THE DIGITAL DIFFERENTIAL ANALYZER 

2.1 INTRODUCTION 

In order to establish a frame of reference for the diacuaaiona 

to follow, a brief account of the theory and operation of the con

ventional digital differential analyzer will be presented here. 

Although the DDA is far from a new type of machine, accounta of lta 

theory and operation are widely scattered in the literature and are, 

for the most part, somewhat fragmentary. At this time there la only 

one really thorough preaentatlon of DDA theory of which the author 

137 
la aware. 

The DDA may be regarded as a digital implementation of the 

more familiar analog differential analyzer. It consists of com

ponents for realizing the baaic operations of Integration, multipli

cation, and addition. These components are connected together in a 

manner which constrains particular quantities to act in the same manner 

as the variables In the equations to be solved. 

2.2 THE DIGITAL INTEGRATOR 

The basic unit in the DDA is the integrator, which Implements 

one of the standard methods of numerical integration, most often the 

rectangular (Euler) method. For simplicity, the integration of a 

variable with respect to time will be considered first. Let Y be a 

10 
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function of time, and divide the period of integration Into equal 

interval* At (Fig. 2.1)• Then the Integral 

Cn 
Z - f Y(t)dt (2.1) 

o 

la approximated by 

Z Y(t^) At + Y(t2) At + ...Y(tn) At 

n 

Y(tt) At (2-2) 
i"l 

The Integrator consists of two registers, a Y-register and 

an R-registerj and a gate controlling the addition of the contents 

qf the Y-register to the Reregister (Fig. 2.2). During each cycle 

the integrator receives an incremental input AY, Indicating by how 

many increments, of some predetermined magnitude hj-, the variable Y 

has changed during the time At. Thus the Y-register accumulates 

the value of Y, i.e., the initial value Yq plus the running total of 

inputs multiplied by h^ : 

i 

*1 • Yo + hl H «*>.* G-3) 

8-1 

When AY has been added to the Y-reglster, the contents of 

the Y-register are gated through to the R-register by a pulse 

representing the completion of the period At. The multiplication by 

At is accomplished bv an implicit shift to the right; e.g., if 

mL 
At • 10 , then multiplication in a'decimal form is simply a shift 

four places to the right* The R-register is considered to have its 

mpst significant digit one place to the right of the least significant 



Fig. 2.1 Rectangular Integration 

R- &EGtST£R 

Y-ReGtsrzR 

Fig* 2.2 Digital Integrator 
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digit of the Y-register, and the values of Y are added Into the 

R-register in a position taken lnplicltly as being shifted to the 

right by a number of places corresponding to the magnitude of At. 

As a result, an overflow (carry from the most significant digit) of 

the R-register will be seen to Indicate an increase in the sum 5»Y At 

by an amount equal to the increments in Y, h^. Therefore, the over

flow pulses from the R-reglster are denoted AZ, and, If accumulated, 

will give the running value of Z. 

To illustrate this method, consider the solution of the 

equation 

dY - Y . (2.4) 
dt 

To solve this problem with an analog integrator, the circuit shown 
t 

in Fig. 2.3a would be used. By direct analogy the digital integrator 

would also solve this equation by feeding the output directly back 

to the input (Fig. 2.3b)., Let the capacity of the registers be four 

binary bits, with the binary point in V placed as shown in the figure, 

so that h^ • 0.01, and let At • .0001. Let the initial condition be 

Y • 01.00 at t * .0000, so that the solution to the given equation is 

Y • e . The progress of the solution is indicated in the table, 

Fig. 2.4a, which is plotted in Fig. 2.4b, together with the exact 

solution. The approximation is, of course, very crude with only four 

bits, but the principle is clear. This example also suggests another 

application of the DDA, that of digital function generation. Any 

function which is the solution of a known differential equation can 

be generated in a similar fashion. 



Fig. 2.3a Analog Computer Solution of 4Y « Y 

/?• Register 

Y~Rc6i&T£# 

Fig. 2.3b DDA Solution Of dY - Y 



i Yi V (AZ)t 

0 01.00 .—0000 0 
1 01.00 .—0100 0 
2 01.00 .—1000 0 
3 01.00 .—1100 0 
4 01.00 .—0000 1 
5 01.01 .—0101 0 
6 01.01 .—1010 0 
7 01.01 .—1111 0 
8 01.01 .—0100 1 
9 .01.10 . —1010 0 
10 01.10 .—0000 1 
11 01.11 .—0111 0 
12 01.11 .—1110 0 
l? 01.11 .—0101 1 
14 10.00 .—1101 0 
15 10.00 . —0101 1 
16 10.01 .—1110 0 

10.01 .—0111 1 
18 10.10 . —1101 0 
19 10.10 .—0111 1 
20 10.11 .—0010 1 
21 11.00 .—1110 0 
22 11.00 .—1010 1 
a? 11.01 .—0111 1 
24 11.10 .—0101 1 

Fig. 2.'fa Tabular Solution of ^ - Y 

/OQ.QO 

10.00 /NC#£MENTAL 
solut/on or Of. to 

oato 
00.00 

§ I 

Fig. 2.4b Graph of Solution of ^ - Y 
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In the foregoing example, the Integration was with respect 

to time, so that the contents of the Y-register were gated through 

to the R-register during every Iteration cycle. However, the control 

input to the gate (referred to as .the primary input) may represent 

incremental changes of magnitude hj in any variable of integration, 

and is generally denoted as AX. If AX " +1, X has increased by hj, 

and Yt is added to the R-register; if AX • -1, X has decreased by 

hj, and Y^ is subtracted; if AX • 0, X has not changed, and the 

R-register is left unchanged. Thus, if X represents time, AX • +1 

in every cycle. The incremental input AX may be taken from the 

output of some other integrator, so that the digital integrator has 

an advantage over the analog integrator in permitting integration 

with respect to variables other than time. It should be noted that 

the primary input AX is restricted to a change of a single increment 

during each cycle. The AY input (secondary input), however, may 

represent the sum of several incremental quantities and is not thus 

restricted. 

Consideration of another example will help to clarify the 

above points. For schematic purposes, the finite increments 

and £Z are replaced by differentials dY, dX, and dZ. The schematic 

representation of ah integrator is shown in Fig* 2.5a. Within any 

given problem the variables will be appropriately renamed. , The-equation 

to be solved is 

4 " * - Y - 'Y (2*5) 
dt* dt 



Nrf. 

• 

dX 17 

dZ 

dY 

Pig. 2.5a Schematic Representation of Digital 
Integrator 

JL 

"V .it 
<*(&) 

-dt 
dr 

d(eyJ 

~r 

"N dt 

dr 

Pig. 2.5b DDA Schematic for d2Y dY _ 
dt2 dt 



Just as in setting up ah analog computer, it is convenient to 

rewrite the equation to give the highest order derivative 

explicitly: 

'  &  .  i X  + Y +  e * .  ( 2 . 6 )  
dt2 dt 

Then the secondary input to the first integrator will be the sum 

of the Incremental values of the right-hand terms, the primary 

input will be dt, and the output will be the incremental values of 

the first derivative. The second Integrator takes this output as 

the secondary input, dt as the primary input, and produces the 

y 
Incremental values of Y. The function e is produced by the method 

illustrated in the first example, except that now the primary input 

must be dY rather than dt. The complete set up is shown in 

Fig. 2.5b. 

2.3 ORGANIZATION OF THE PDA 

Before going on to describe the methods by which the other 

operations required for problem solution are carried out, it might 

be'well to consider briefly the overall organization of.a DBA. 

Nearly all DDA's in existence today are,of the serial type. In 

a serial DDA, there is only one set of computing elements of the 

type described above, and the information in the Y- and R-reglsters 

of the various integrators is stored on a magnetic drum and processed 

sequentially. Thus a serial DDA is basically very much like a general 

purpose digital computer, only much simpler. The parallel DDA, on 
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the other hand, employs a complete integrating unit such as 

described above for every Integrator required for the problem 

solution. 

The choice between the two types of DDA is one between 

speed and economy. In a serial DDA, the information comes off 

the drum in a serial form, at a maximum rate (set by the character

istics of magnetic drums) of about lOOkc. For a Y-register capacity 

of 30 bits, the maximum rate of processing Integrator is about 

3.3kc. Then, for a machine with 30 Co 60 integrators, the maximum 

Iteration rate is about 50 to 100 per second* Although the itera

tion rate is dependent on the number of bits and Integrators, It 

cannot be changed once the machine has been built, since the 

organization of the drum memory is determined by the maximum 

accuracy and capacity desired. The Iteration rate will not be varied 

by using less than the full accuracy or capacity of the machine, 

although the number of iterations required for a complete solution 

will depend on the accuracy desired. 

In the parallel DDA, the computation rate is not limited 

by the rate at which data can be read off a drum, so that much faster 

computation is possible. In the Packard-Bell TRICE, the only parallel 

DDA presently manufactured, the integration cycles are carried out 

at a rate of 100 kc, and since all integrators are processed 

simultaneously, this is also the problem iteration rate. Thus the 

parallel DDA is about one thousand times as fait as the fastest serial 
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DDA. On the other hand, the parallel DDA will generally coat at 

leaat 10 timea aa much aa a aerial machine of similar capacity* 

2.4 SPECIAL OPERATIONS IN THE DDA 

In addition to integration, a DDA must perform certain 

other operations, such aa multiplication by a constant or a 

variable, and addition. Theae operatlona muat be carried out in 

an incremental faahlon, and are generally done by methoda very 

similar to integration. In the serial DDA these special operations 

will be carried out by the common arithmetic unit under the control 

of apecial instructions. In a parallel DDA, these operations may 

be carried out in regular integrators used in special ways, or 

special purpose units may be provided. 

2.4.1 Multiplication by a constant 

There are two baalc methods of multiplying a variable by 

a constant in common use. First, in a binary DDA, the variable may 

be multiplied by any power of two by controlling the point in the 

Y-reglster at which the AY increments are introduced. This technique 

is also used for scaling, and is often referred to as scaling multi

plication. In the more general case of constants other than powers 

of two, the constant is entered into the Y-reglster, the variable is 

the primary input, and there is no secondary input. In a parallel 

DDA, this may be carried out In a regular integrator with no aecondary 

input, or a special unit may be used which is the same as the 

integrator except for the elimination of circuitry for adding-in AY 
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and connecting the Y-register to the output medium. 

2.4.2 Multiplication of Two Variables 

Multiplication of two variables can be accomplished by the 

use of two integrators and an adder to implement the equation 

d(UV) - UdV + VdU (2.7) 

as shown in Fig. 2.6a. The method of adding the outputs of the two 

integrators will be discussed in the section on adders. 

In the case of the parallel DDA, some saving in equipment can 

be realised through the use of a special multiplier consisting of an 

integrator with two input registers. These two registers receive the 

Incremental values of the two variables U and V, and during each 

cycle, the contents of both registers are added sequentially into the 

R-register (Fig. 2.6b). This unit is simply a combination of the two 

integrators of the first method into a single unit, resulting in the 

elimination of one R-regls.ter and the adder. There is, however, a 

drawback to this method in terms of scaling. Consider the capacity 

of the registers to be + 1; then it can be seen that if the absolute 

value of the sum of the contents of the U- and V-registers were 

greater than one, a double overflow of the R-register could result. 

In some cases a double overflow cannot be permitted; e.g., if the 

output of the multiplier provides the primary input of some integrator. 

In such cases the problem would have to be scaled down to prevent 

such a situation, resulting in a longer solution time. 
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2.4.3 Servos 

A very useful device for certain applications Is the digital 

servo. For example, suppose It Is desired to generate a function Y 

defined Implicitly by f(XY) • 0. This can be done with the set-up 

shown In Fig. 2.7. The function generator puts out Increments of 

the function f (XY) In response to Incremental Inputs dX and dY. These 

output Increments are summed In the servo, an integrator connected 

in such a manner that, whenever the contents of the Y-reglster 

[f(XY)] differ from zero, it generates output pulses of such polarity 

as to drive f(X*) back to zero. These output pulses, summed in 

another Integrator, provide the desired function* As a more specific 

example, suppose it Is desired to generate Y • In X. Since this 

Is equivalent to the Implicit definition eY - X • 0, it will be seen 

that the desired function can be generated by the use of a servo and 

Y  
an integrator generating e in the manner discussed earlier (Fig. 2.8) 

Another useful device Is the decision integrator, which is 

basically a servo In which a primary input controls the output. One 

application of such a device is clipping, or limiting. Consider a 

fch 
servo connected to give an output (AZ)^ during the 1 cycle in accord 

ance with the following relations: 

if Yt > 0 

(AZ). - \ 0 if Y. - 0 (2,8) 

-(<MC)i if Y± <0. 
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This decision Integrator will provide £ull wave rectification in 

the connection shown in Fig* 2.9* 

There are many ways of implementing the servo function* 

In serial DDA's, the method used depends somewhat on the organiza

tion of output storage on the drum, and so varies considerably in 

various manufacturers' models. In parallel machines, a special 

unit is provided, consisting of a Y-register, and logic circuitry 

to decide the nature of the output* Design considerations will be 

considered in more detail in Chapter V. 

2.4*4 Adders 

As was pointed out earlier, the input to the Y-register may 

consist of the sum of several incremental signals, e*g*, integrator 

No. 1 in Fig. 2*5b* As in the case of servos, the method of handling 

this problem in serial machines depends largely on the organization 

of the memory, and thus varies too widely to be considered in detail 

here. In parallel machines the problem could be solved just by 

providing each integrator with sufficient circuitry to handle several 

simultaneous signals. However, since only a fraction of the integrators 

used in any problem will have multiple inputs, this would be wasteful, 

and it is more usual to provide a special unit for summing inputs. If 

the arithmetic used in the integrators is serial, this unit may con

sist of a temporary storage which feeds the increments to the integrator 

sequentially during the first few cycles of each iteration. The 

requirements for an adder when parallel arithmetic is used will be 
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discussed In Chapter III. 

2.5 CONCLUSION 
' • • 

It tihould be noted, that the above discussion is based entirely 
) • 

on machines using ternary transfer, In which the incremental signals 

may take on three values, +1, 0, and -1. Many of the earlier serial 

machines use binary transfer. The general principles of operation are 

the same in such machines, although many of the details of operation 

may differ. 

This chapter is not intended to be a complete and comprehensive 

presentation of DDA theory and operation; it is included only to provide 

an adequate background for the discussions to follow. For the reader 

who is interested in going into the matter further, there are several 

articles listed in the bibliography. The only really thorough presenta-

137 
tion of DDA theory is in the article Gschwind. The article by 

78 * 32 
Palevsky , though less complete, is also good. The book by Forbes 

gives a thorough account of scaling and problem setup for the serial 

58 
DDA, and the article by Malorov gives a fairly thorough account of a 

serial DDA. Other articles on various aspects of DDA theory and 

operation will be found in the following references: 25, 52, 53, 64, 

70, 73, 74, 75, 76, 77, 105, 106, 115, 120, 121. 



CHAPTER III 

PARALLEL BINARY ARITHMETIC IN THE DDA 

3.1 INTRODUCTION 

The discussion presented in Chapter I indicated the desirability 

of applying parallel binary arithmetic to the ODA. The first step In 

this application is the design of an Integrator using parallel arithr 

metic. Such a design is developed in this chapter* 

There were three objectives in the development of this design: 

(1) to provide a practical design for the basic unit of a parallel 

DDA; (2) to provide a starting point for the design of the arithmetic 

unit of a serial DDiA; (3) to provide a starting point for the applica-

tion of magnetic logic to the DDA* 

The design presented in this chapter is based on a comprehensive 

survey of the various techniques of parallel arithmetic* Consistent with 

the above objectives, every attempt was made to keep the design as versa

tile as-possible* Techniques which depend on some special type of circuit 

element were avoided. Thus, the design should be readily adaptable to 

many types of logical circuit elements, over a wide range of speeds. 

In a parallel DDA it is generally desirable to provide special 

units for multiplication and addition* The design of such units is also 

discussed in this chapter. 

27 
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3.2 DESIGN OF A TRANSISTORIZED FARAI.T W. TMTgCTATnB 

3.2.1 General Considerations and Specifications 

This design will be a logical design only, i.e., the design 

will be in terms of the proper arrangement of gates, flip-flops, 

delay elements, etc. Circuit design of the individual elements will 

not be attempted; any line of standard digital building blocks 

would be satisfactory. The design will assume 200kc binary elements, 

with a maximum fan-in and fan-out of five. Positive logic is 

assumed; i.e., the level representing ONE is positive relative to 

the level representing ZERO* Design is for a 28-bit integrator with 

a 200kc integration rate; a faster Integrator could be obtained by 

replacing the 200kc elements with faster ones. 200kc elements were 

chosen for this design because such elements were available for 

experimental purposes. 

The integrator is synchronous, since it is intended to be 

suitable for use in a parallel DDA. In a parallel UDk, the 

integrators are interconnected in such a manner that the output of 

any given integrator on one cycle may be the input to one or more 

other integrators on the next cycle. Thus, it is obvious that the 

integrators must run in synchronism. 

The integrator uses a mixed, or gated-pulse, type of.logic; 

i.e., the logical coupling is by d-c levels, which are used to gate 

clock pulses. 
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Zn discussing the design, it will be necessary to use certain 

terms which had best be defined at the start. It is an unfortunate 

fact that such words as serial, parallel, sequential, Iterative, etc. 

are still used in entirely different ways by.various workers in the 

computer field. One reason for this situation is the fact that most 

of these terms were originally defined in connection with relay 

circuits, but the analogy between relay circuits and electronic 

switching circuits is far from exact. 

Serial arithmetic is defined as that type of arithmetic in 

which the digits making up the words being processed are opierated 

on one at a time, all bv the same logical elements. 

Parallel arithmetic is defined as that type of arithmetic 

in which the digits making up the result are each produced by 

separate and distinct logical elements. 

A combinational circuit is one in which processing on all 

digits of the input words starts at the Bame time; no elements are 

delayed to await the completion of processing in some other elements. 

An iterative circuit is a combinational circuit made up of 

a number of identical "cells", or subnetworks. 

A sequential circuit is one in which the operation of some 

parts of the circuit is delayed to await completion of operations 

in other parts of the circuit. A synchronous sequential circuit is 

one in .tfiich the delays are controlled by a clock. An asynchronous 

sequential circuit is one in which the operation of one part of the 
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circuit is triggered by the completion of an operation in some other 

part of the circuit. 

It will be seen that these definitions present a somewhat 

broadened concept of parallel arithmetic over that often seen, and 

that this concept has then been broken down into various categories* 

The careful distinction between serial and sequential operation, 

which some authors consider equivalent, is made to emphasize the 

fact that two different speed ratings are the controlling factors 

in the design of these two types of circuits. 

The conventional speed rating of a digital element is the 

maximum cycle rate, i.e., the maximum rate at which the element can 

be pulsed. Obviously, it is this rating which is the controlling 

factor in the design of serial arithmetic elements. The other speed 

rating of a digital circuit is the propagation speed or time, i.e., 

the time it takes for the effect of a change at the input to be seeh 

at the output. This propagation time is always very much less than 

the cycle time of a digital circuit, and it is this fast propagation 

time that is utilized in the design of sequential circuits. 

As a final preliminary to the, actual design, a set of logical 

symbols must be specified, since there exists as yet no generally 

accepted standard in the computer field. 
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The synfcols Chat will be used throughout this paper are shown in 

Pig. 3.1. Delay inputs to gates are level Inputs shunted by 

capacitance to delay enabling or disabling by approximately 

one-fifth the rated cycle of time of the gate (1.0 usee, in the 

case of 200kc logic). The flip-flops are assumed to have level inputs 

to control steering diodes. The connections to these level inputs 

will not be shown in those cases where the corresponding pulse 

input is to be enabled at all times. 

3.2.2 Design of the Y-Register 

For those cases where the Y input (Fig. 2.2) is a single 

incremental signal, the Y-register is simply a bidirectional binary 

counter as shown in Fig. 3.2a; this is an asynchronous sequential 

circuit. For typical 200kc, non-saturating flip-flops, the propaga

tion time for this circuit is about one microsecond for four stages. 

Since the design objective is an' integration time of five microseconds, 

this design is too slow for a 28-bit counter. 

A slightly more complex and much faster circuit is shown in 

Fig. 3.2b; this is an iterative circuit. The propagation time for 

four stages of this circuit, using typical 200kc components, was found 

to be about 0.2 usee. This circuit is faster than necessary, 

so that a combination of the two types could be used. However, from 

the standpoint of economy and ease of maintenance, it is desirable to 

keep the number of different types of circuits as small as possible. 

Therefore, the Y-register consists of 28 stages of the iterative 

circuit. The direction of count depends on the sign of Y; this will 
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be discussed in the section on control circuitry. The modifications 

to Che Y-reglster necessary for the cases where AY is the sum of 

several incremental signals will be considered in the section on 

the AY adder. 

3.2.3 Design of the R-Register 

The R-register is a bidirectional accumulator. If the 

T-input to the flip-flops is Used, the design equations for a 

single iterative stage will be as given below, where denotes the 

input carry to the l'*1 stage. 

Ti " Yi ®i + Yi Ci (3a) 

For addition 
•i ' 

Ci+l " YiRi + YiCi + RiCi <3*2) 

For subtraction 

Ci+1 " Yi*i + YiCi + *iCi (3,3) 

A circuit for Implementing these equations is shown in 

Fig. 3.3. If this circuit is used for the entire accumulator, 

in a straight iterative connection, Y^ and R^ will pass through a 

chain of 56 gates in the case of maxitoum carry, but this is no 

special problem with diode-transistor logic. If a standard package 

consisting of a diode AND-OR gate followed by an emitter follower 

is used, the maximum carry propagation time is less than 0.3 (jtsec. 

This is faster than necessary, but in the case of an accumulator a 

sequential form is more complicated than the iterative, so the 
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straight Iterative connection is used. The accumulator is clocked 

2.5 usee* after the start of the integration cycle, and the output 

carry (AZ) is available no later than 3*0 usee* after the start of 

integration* Thus, a much larger word length could be used at the 

200 kc rate, if desired. 

3.2*4 Integrator Control Circuits 

In addition to the circuits already discussed, circuits are 

required to detect a AZ output, to control the sign of addition into 

the registers, and to Indicate overflow from the Y-reglster* In 

order to minimize noise problems, communications between integrators 

will be by DC levels* The design here is for a parallel DDAj modifi

cations for a serial DDA using core-matrix memory will be discussed 

in Chapter V. Each incremental signal will require two pairs of 

lines, one for existence and one for sign; these lines will be de

noted by the subscripts e and s respectively, e*g«, AZ and AZ , 

AZ and AZ . 
s s 

Since DC levels are required, the AZ and AZ signals will 
© 8 . , 

be taken from the outputs of two flip-flops, designated AZ and AZ * 
© 8 

It is to be noted that the existence of a carry from the R-register 

does not necessarily correspond to the existence of a AZ output* This 

is due to the fact that the Y-reglster is assumed to have a capacity 

+1 > Y > -1, and negative numbers are represented in a 2's comple-

ment form, so that the least negative number is the same as the most 

positive number in the code* That is, if n is the number of bits 
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in the Y-register, then -l/2n will be represented by all one's in the 

Y-register. If this number is added to any number except zero, there 

will be a positive carry from the most significant digit of the 

R-register. But it is only when -l/2n is added to zero that there 

should be a &SL signal. Further consideration of this point will con

vince the reader that, if the quantity in the Y-register is negative, 

absence of carry from the last digit of the R-register, will 

correspond to a tS- output, for both addition and subtraction in the 

R-register. For this reason, a flip-flop, Y , is included to keep 

track of the sign of Y. Then the equation for AZg is 

" YSC29 + *S529' <3'4> e 

The sign of the addition into the R-register is controlled by AX , 
8 . 

so the equation for AZg is 

- a,', + 3.V (3.5) 

The sign of the addition into the Y-register will be con

trolled by a flip-flop denoted Y • The state of Y is in turn 
c c 

controlled by AY and the input sign control, C . C is a flip-flop, 
8  . ' S B  

set initially in accordance with the problem logic, indicating 

whether the positive or negative integral of Y is to be computed* 

Then the equation for Yc is 

yc - ar,c8 + 3,c, (3.6) 

At the start of a problem, Y will be set as part of the 
8 

initial conditions; in addition, logic must be provided to keep 
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track of changes In Yg. Let Y^g represent the positive-going pulse 

output from the TRUE output of the last stage of the Y-register, 

and Y£g the pulse from the FALSE output. Then the control equations 

for Y are 
8 

V. 

SET Y# - Y*2g Yc (3.7) 

RESET Y - Y* Y . (3.8) 
B  iO C  

Finally, it is desirable to have an indication of overflow 

in the Y-register. This will be denoted by 0^, and the equation is 

°f " W»" +  W»8 < 3- 9> 

The circuit of the complete integrator, including the various 

control functions described above, is shown in Fig. 3.A. This design 

using typical 200kc digital modules, would require approximately 400 

transistors and 1000 diodes, compared to the 120 transistors and 430 

diodes in a TRICE integrator. The advantage of serial arithmetic in 

terms of numbers of components is, then, clearly apparent. The 

price differential would not be as great as these numbers might seem 

to indicate, since the 3 mc arithmetic needed for serial computation 

will require more expensive semiconductors than the 200kc arithmetic;, 

the advantage of the serial unit in reliability, however, is un

questionable. But, as indicated earlier, if even faster DDA's than 

TRICE are required, a parallel design of this sort may be the only 

practical answer. 
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3.3 DESIGN OF A AY ADDER 

As discussed earlier, the situation in which the AST input 

is the sum of several incremental signals presents special diffi

culties in the case of the parallel-arithmetic DDA. In the case 

of the serial-arithmetic unit, tt is sufficient to store the various 

signals temporarily, and then add them into the Y-register sequentially 

during the first few computation cycles* In a parallel arithmetic 

unit, such a procedure would destroy much of the speed advantage. 

Instead, the various signals are fed into a combinational circuit 

(coding matrix), which develops the binary representation of the sum 

of the increments. This sum Is added in parallel into the Y-register, 

for which purpose the first few stages of the Y-register are made up 

of parallel-adder stages like those used in the R-register. 

The adder is designed to accept a maximum of six inputs. 

Three of these inputs are subject to sign control in the same manner 

as the inputs to the integrators. The inputs are combined in coding 

matrices to form the three-bit sum, which is then added into a 

four-bit accumulator which directly replaces the first four stages 

of the Y-register* The block diagram is shown in Fig. 3*5. 

The logical diagram of the sign control unit is shwon in 

Fig. 3.6. As in the integrator, the C„ flip-flops are set initially 

in accordance with the problem logic. The sign control unit 

develops only true outputs, in accordance with the input requirements 

of the Type I matrix. 
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The logical diagram for the Type I matrix it shown in Fig. 

3.7, together with the logical equations. The diagram and equations 

for the Type II matrix are .shown in Fig. 3.8. The diagram of the 

accumulator section is shown in Fig. 3.9. The complete adder unit 

will require approximately 70 transistors and 300 diodes, and will 

have a maximum propagation time of about .070 iisec. It should be 

noted that this type of adder is required only for the parallel DBA; 

a simpler arrangement can be used with the serial DDA, even with 

parallel arithmetic. This will be discussed in Chapter V. 

3.4 DESIGN OF A MULTIPLIER 

In the case of parallel DDA, a special multiplier unit would 

seem to be desirable, in spite of the scaling difficulty mentioned 

earlier. Mot only does this provide a saving in equipment, but it 

also avoids a timing problem which makes the use of the two-integrator 

method difficult in a parallel DDA. Consider again the connection of 

two integrators to perform multiplication of two variables (Fig. 3.10a) 

On the i cycle, the output would be 

(Vi-l + AVi) <^i> + + (^V±). (3.10) 

It will be seen that this is not the correct value for 

A(UV)^, since, graphically, this means that the shaded area in 

Fig. 3.10b is counted twice. The correct value is given by 

- (V i_ 1  + AV t) (AI^) + (U i v i) (AV a) ; (3.11) 

" (U1-1 + W (AVi) + ̂ i-l* <^i> <3-12> 
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Thus, Co obtain Che correct value, one of the integrators would 

have to make the addition into the R-register before adding the 

secondary input into the Y-reglster. This would require considerable 

complication in the control circuits of the integrator. 

The basic block diagram of the integrator is shown in 

Fig. 3.11. The R-register is identical to that used in the in

tegrator, except that it must be capable of 400kc operation, since 

there imist be two additions per iteration. The AND-OR gates con

trolling the addition into the R-register must also be 400kc circuits. 

The U-register and V-register are Identical to the Y-register used 

in the integrator. The control circuits, although somewhat more 

complex, are basically the same as in the integrator, and will not 

be covered here. 

3.5 CONCLUSION 

The basic designs of an integrator, adder, and variable 

multiplier using parallel arithmetic have been presented. The 

speeds and.timing cycles used apply to a 200kc iteration rate, but 

it should be possible to increase, this rate to at least 5 mc just 

by using.faster flip-flops and gates; no change in the logic would 

be required. The design of servos and constant multipliers has 

been omitted, since this would involve only straightforward com

binations of the circuits already discussed. Consideration of the 

input-output requirements has also been omitted, since these are 

largely dependent on the particular purpose for which, the DDA is 

intended. 
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CHAPTER IV 

MAGNETIC LOGIC IN THE DDA 

4.1 INTRODUCTION 

One of the most active areas of research in the computer 

field today is that of digital magnetic circuits. Broadly speak

ing, a digital magnetic circuit is any device which utilizes the 

nonlinear magnetic characteristics of some material (usually 

ferrite) to implement some logical function. The main reason 

for the interest in this area is the reliability of magnetic 

devices.The basic element in most cases is the ferrite core, 

which is a completely stable device mechanically and chemically 

and is virtually Indestructible. Once formed to desired specifica

tions, a core may be relied upon to maintain its characteristics 

> . • * * • 
indefinitely* From the standpoint of reliability, the ferrite core 

is almost the ideal device. 

In view of these facts, a consideration of the use of 

magnetic logic in the DOA seemed pertinent to the present study. 

The majority of the research in magnetic logic has been directed 

toward the development of devices to implement the basic logical 

operations, AND, OR, and NEGATION, and their various combinations. 

The application of such devices to the DDA would basically Involve 

replacing the semiconductor logical elements used in the design of 

50 
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Chapter III with corresponding magnetic logical elements. Although 

such a task would be far from routine, considering the present state 

of the art, it would closely parallel research being carried out 

24 
elsewhere. Therefore, it was decided instead to investigate a new 

type of magnetic logic, magnetic-matrix logic, which was originally 

2 
suggested by Aiken and Semon in connection with modular arithmetic 

(see Chapter VI). Although the author abandoned modular arithmetic 

for use in the DDA, the matrix arithmetic suggested by Aiken and 

Semon seemed to offer sufficient interesting possibilities in other 

connections to warrant further investigation. 

4.2 BASIC PRINCIPLES OF MAGNETIC-MATRIX LOGIC 

The basic element of the magnetic matrix is the toroidal 

ferrite core with a rectangular hysteresis loop as shown in Fig. 

4.1* As long as no mmf is applied to the core, it will remain in

definitely at one of two stable point a, A or D, on the curve. It 

is this degree of stable magnetization (retentivity) that makes the 

ferrite core useful as a memory device. 

Assume that the core Is initially at point A, and a positive 

mmf, no larger than 1^/2 is applied to the core and then removed. 

The result will be a small reversible change in flux, as the flux 

in the core follows along the curve to a point between A and B, and 

then returns to A. Now assume that a positive nmf, at least as 

large as Iw, is applied to the core and then removed. This time the 

result is a large irreversible change in flux, as the flux In the 

core mpves rapidly along the curve from point A to point C, and then 
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Fig. 4.1 Hysteresis Loop of Typical Ferrite Core 



returns to point D when the nmf is removed. The core may subsequently 

be returned to point A by the application of a sufficiently large 

negative nmf* 

In practice the amf is applied by passing current along one 

or more wires threaded through the core. If still another wire, 

distinct from those supplying the nmf, is threaded through the core, 

the. change of state may be detected, since the rapid flux reversal 

will induce a voltage on this wire. In this paper these lines will 

be referred to as the drive lines and the sense lines, respectively. 

Now consider Figure 4.2, which shows an adder constructed 

of cores of this type. Assume that all the cores are initially in 

the same state, at point A on the hysteresis loop. If it is desired 

to add X • 2 and Y - 2, for example, half-write currents (*w/2) are 

passed along the corresponding X and Y drive lines. Only the core 

at the intersection of these two drive-lines will receive enough amf 

to cause a change of state from A to D, so only, the sense line pass

ing through this core will Have a voltage induced oil it. The same 

sense line passes through the other two cores at the intersection of. 

X and Y drive lines corresponding to a sum X + Y • 4; thus, a signal 

will appear on this sense line whenever the sum X + Y • 4. The sense 

lines for the other possible sums are also shown. 

This is basically the form of matrix adder suggested by Aiken 

and Semon, except that they combined several of the sense lines to 

provide modular read-out (Chapter VI, Fig. 6.1). However, this method 

is not necessarily restricted to modular arithmetic, since the output 
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can be converted to any desired code. This conversion can be done 

directly, within the matrix, as shown in Fig. 4.3. This adder 

operates in exactly the same manner as that in Fig. 4.2, but now 

the sense lines provide the sum directly in a 3-bit binary code. 

Assume that it is again desired to add X " 2 and Y • 2. The same 

core will change state as before, yielding the sum X + Y • 100 in 

binary form. Thus, only the sense line for the third bit of the 

sum, S2, should pass through this core. If X * 3 and Y • 3, the 

core in the upper-right-hand corner or the matrix will change state. 

The correct binary sum is 110, so the sense lines Sj and should 

pass through this core. 

The reader will no doubt recognize that this is nothing 

more than table-look-up arithmetic, which could be accomplished 

with diodes. However, the addition which has been accomplished 

here with 15 cores would require a matrix of 50 diodes* If the 
• * 

matrix were to be no larger than required for this simple example, 

the diode, matrix would still be preferable in view of the drivels 

and amplifiers required with a core matrix. But as the size of the 

matrix increases, the economic balance rapidly shifts. Even more 
* . * ' a "" 

important, this technique will make possible the construction of 
* . « 

function tables of a size that is totally impractical with diodes. 

And, finally, there is the tremendous advantage in reliability. 
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4.3 DESIGN OP AW INTEGRATOR USING MATRIX LOGIC 

4.3.1 Introduction 

In view of the Interesting possibilities of matrix logic, it 

was decided to attempt the construction of a small digital integrator, 

utilizing matrix adders for the Y-to-R addition. The objective here 

was not to build a complete DDA of a practical size, since this would 

involve too much hardware, but rather to investigate the practical 

potential of the matrix logic technique, not only for the ODA, but for 

other applications as well. The basic idea of matrix logic is simple 

enough, and there is little doubt that it can be made to work, one way 

or another. But, in order to make a realistic engineering evaluation 

of the technique, the difficulties and limitations involved in a 

practical implementation must be considered. While some of these 

difficulties and limitations could be predicted on the basis of 

theoretical studies, it was felt that a thorough appraisal of the 
• . * 

technique required that it be tried out. It is well known that the 

path between an apparently sound theoretical design and a working 

practical design is generally a long and thorny one. 

In this experimental work, economic factors required the use 

of cores, drivers, read amplifiers, and logical elements taken from 

a surplus magnetic core buffer-storage unit. These elements were. 



not always ideal for the purpose, and forced some minor compromises 

in design. In spite of these compromises, the experimental work 

resulted in the completion of a completely successful integrator unit, 

the construction of which provided a large amount of useful information 

4.3.2 Determination of Matrix Size 

The first factor that must be considered is the size of the 

adder matrices. Assume again that the capacity of the integrator 

should be 28 bits. It is obvious that the full 28-bit adder cannot 

28 28 
be built in a single matrix, since this would require a 2 x 2 

matrix. However, the operation can be broken down into a number of 

smaller matrices. Mote that if the adder of Fig. 4.3 is considered 

as a 2-bit parallel adder, then a signal on the line would indi

cate a carry. Thus, if a group of these adder matrices were to be 

connected together with provision for the introduction of the carry 

from one matrix into the next matrix, the result would be a radix-4 • ' 

adder with binary read-out. In a similar fashion, an adder working 

in any desired radix, or combination of radices, can be constructed 

through the use of various sizes of matrices. 

From the standpoint of speed, the largest possible radix 

should be used, since the number of carries for a given code size 

is inversely proportional to the size of the radix. The amount of 

external electronics required in the drive system is also dependent 

on the size of the matrices. The optimum size from this point of 

view depends on the type of drive system used. 
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The most straightforward method of driving a matrix is to put 

a switch of some sort in each drive line, but this method is generally 

too expensive for a large matrix. In the experimental model the more 

economical "cross-fire" method is used* The basic principle of this 

method is shown in Fig. 4*4; for simplicity the drive system is shown 

in only one direction. Two switches must be closed, one on each side 

of the matrix, to send current through a line, and each combination of 

an A-switch and a B-switch selects a different line. Thus, eight 

switches are used to select sixteen lines. 

In a practical case the switches are electronic rather than 

mechanical, and are generally referred to as drivers. The drivers 

used in this system use four transistors and three diodes each. To 

determine the best size of matrix from an economic point of view, the 

total number of transistors and diodes required for a 28-bit adder 

with various sizes of matrices was determined, assuming the type of 

drive system and drivers discussed above. The cost of these semi-
* 

conductors was determined, assuming the same types used in the ex

perimental model. To this was added the estimated cost of the matrices 

based on the catalog price of standard memory matrices of the appro

priate sizes. On this basis, the following approximate costs were 

obtained: 4x4, $1,300; 8x8, $900; 16 x 16, $1,000; 32 x 32, 

$1,600; 64 x 64, $2,500. It should be emphasized that the above 

prices in no way indicate the actual cost of producing a 28-bit adder; 

they, are intended only to indicate the relative costs. 

Considering that this is only a rough estimate,' it seems safe 



I 

1 1  I  1 1 1  1 1  1 1  

CM 

jlL 
_4. 

<n 

•a 

r-

go 

o 

- "• 5 
".Sb 
vS O < 

* 

A 

I I I II I I I I I 



61 

to assume that the cost with 8x8 matrices or 16 x 16 matrices will 

be about the same. In this case, the 16 x 16 matrices should be 

used for higher speed. Also, it was felt that the 8x8 matrix would 

be too small to provide a realistic appraisal of the general practi

cality of the matrix logic technique. 

4.3.3 Matrix Drive System 

The core used in this experiment is the Telemeter Magnetics 

80T5, an 80-mil core with a full^write mmf of 370 milliampere-turns 

and a rated output of 20 mv. The recommended drive pulse duration 

is 10 usee., and the output pulse reaches its peak 4.0 usee, after 

the initial application of rated drive. 

In order to obtain higher operating speeds and larger output 

pulses, it was decided to operate the matrix in a biased configuration. 

If a ferrite core is driven by an mmf larger than full-write mmf, the 

amount of flux switched will not change, since the core is saturated 

at full-write mmf, but the. rate of flux reversal will be higher. . This 

higher d^/dt results in- both faster operation and larger output pulses. 

With the 80T5 cores, an overdrive of 100 milliampere-turns produces a 

peak output of 100 mv. at 1.0 usee, after the start of the drive pulse. 

If the matrix is operated in the standard coincident-current 

mode discussed earlier, the cores cannot be overdriven, since a current ' 

on any one line producing more than half-write ranf will switch all the 

cores on that line. If a bias line is wound on all the cores to hold 

them at some negative mmf, a larger current can be applied to any One 

line without exceeding half-write mmf. For example, the half-write mmf 

of the 80T5 core is 185 ma-t. If these cores are biased to -100 ma-t, 



62 

the mmf applied by any single drive line can be +285 ma-t, and the net 

mmf driving a coincident core will then be +470 ma-t, an overdrive of 

100 ma-t. 

It should be noted that there is a practical limit to the amount 

of. overdrive that should be. used. There is a limit to the amount the 

speed can be increased, and beyond a certain point the speed increase 

available does not warrant the increased driver capacity required. 

Also, for reasons which will be discussed in a later section, using 

too much overdrive adds to the noise problems involved. After 

considerable experimentation to find the best compromise between these 

various factors, the bias and drive levels indicated above were selected 

for use in the experimental model. At the completion of each add cycle, 

an additional -300 ma-t of bias is applied for 10 usee, to reset the 

cores. 

. If the cores were continuously biased at negative full write, 

they would be automatically reset after each drive cycle, thus eliminating 

the need for a special reset pulse. However, this system would require 

half-write pulses of 440 ma-t to provide 100 ma-t of overdrive on selected 

cores. In general, the saving resulting from the elimination of reset 

circuitry would not offset the cost of the larger drivers required. 

4.3.4 Matrix Output System 

The 16 x 16 matrix forms a 4-bit adder, so five sense lines are 

required, four for the 4-bit sum, and one for carry. The wiring patterns 

for two of these sense lines are shown in Fig.-4.5 
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and 4.6. The patterns for the other lines can be deduced readily from 

. these. It will be noted that the sense lines pass through every core 

In the same direction. This is necessary because the read amplifiers 

used are sensitive only to positive pulses* 

Because of the number and complexity of the sense lines, noise 

is a major problem in matrix logic* There are two principal sources 

of noise in the matrix. The first is the voltage induced in the sense 

lines by the half-disturbed cores, i.e., the cores which are pulsed 

by a half-write mnf. It will be recalled that when a core is pulsed 

by a half-write nmf there is a small reversible change of flux, which 

induces a small voltage, known as the disturb voltage, or the shuttle 

voltage. In the 80T5 cores operated in the manner described earlier, 

this shuttle voltage is about 10 mv* With the patterns used in the 

adder matrix there will be sixteen half-disturbed cores on any sense 

line tfiich does not pass through a coincident core. Since the sense 

lines pass through all the cores in the same direction, the shuttle 

voltages will add in series, producing a 160 mv* pulse on every line. 

The second major source of noise is inductive pickup directly 

from.the drive lines. In this case the drive lines carry pulses of 

400 ma. with rise and fall times of about 0.5 usee* It can readily 

be seen that there will be considerable inductive pickup under these 

conditions* 

There are three main techniques vised to minimize the effect 

of the two types of noise. First, the physical arrangement pf the 

sense windings is carefully laid out to minimize pickup from the drive 
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lines. Wherever the sense lines and drive lines mist be in close 

proximity, as in the cores, they cross atangles as large as possible; 

elsewhere, they are kept as far apart as possible. Second, the use of 

biased overdrive provides relatively large output pulses, so that the 

threshold of the read amplifiers can be raised to discriminate against 

much of the noise. 

The third technique, and by far the most important, Is strobing 

of the read amplifiers. This means that the read amplifiers will not 

respond to any signals on the sense lines, of whatever magnitude, unless 

they are turned on by another pulse, the strobe pulse. This Is a large 

pulse, in this case 10 volts, which is timed by the system clock, and 

is applied to the read amplifiers at the time when the signal-to-noise 

ratio on the sense lines is highest. This technique discriminates 

against both types of noise. 

First, the peak of the shuttle voltage does not occur at the 

same time as the. peak of the signal voltagev In ferrite cores the 

time from the start of the drive pulse to the peak of the shuttle voltage 

is about one-quarter the time to the peak of the signal voltage. At the 

time of the peak signal voltage, the ratio of signal voltage to shuttle 

voltage is about 50-to-l in the 80T5 core. Thus the effect of the 

shuttle voltage may be largely eliminated by strobing the read ampli

fiers at the time of this peak S/N ratio. 

It is with respect to this factor that overdrive increases the 

noise problems, as mentioned earlier. Refer again to Fig. 4.1. For 

an unbiased core, the shuttle voltage is caused by the small change in 
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flux as the half-selected cort moves from A to B. But if the core 

Is biased to H, there will be a larger flux change, from H to B, 

resulting in a larger shuttle voltage. Thus, the larger the bias, 

the larger the shuttle voltage. 

There is an even more serious problem in timing. Note that 

the overdrive applies only to the selected core. No natter what the 

overdrive on the selected core, the half-selected cores are driven only 

to B. The timing of the shuttle voltage is thus unaffected by overdrive 

It is actually possible to drive the selected core so hard that its 

signal pulse peeks before the shuttle pulse of the half-selected cores. 

In this condition, strobing is obviously useless in eliminating 

shuttle-voltage noise. 

It is this shuttle voltage problem that is the fundamental 

limitation in the use of overdrive. Even if the cost of extra drive 

capacity were negligible, this characteristic of the cores would pre

vent the use of very large amounts of overdrive. 

Strobing also aids in discriminating against inductive pickup. 

The maximum pickup obviously occurs during the rise and fall times of 

the drive pulses. Therefore, the strobe pulse, which starts after the 

drive pulse to eliminate shuttle noise, is time to end before the 

termination of the drive pulse. The timing of the various pulses in 

the experimental model is shown in Fig. 4.7. (The msgnltudie of the 
v 

various pulses Is distorted for the sake of clarity.) Mote that the 

strobe pulse Is timed to start about 1.0 usee* after the peak of the 

signal pulse on the sense line. This is necessary because-It takes 
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about 1.0 usee, for the algnal pulse to propagate through the first 

stage of the read amplifier to the stage at which the strobe pulse is 

applied. 

There are sixteen half-disturbed cores on a sense line, the 

signal pulse is about 100 wr., and the S/N ratio of a single core 

is 50/1, so even at strobe tine there will be 30-to-40 mv. of noise 

on a sense line. Therefore, the threshold sensitivity of the read 

amplifiers was set at 50 + 5 mv. 

4.3.5 Addition of Carry in the Matrix 

The design as set forth up to this point will provide a 4-bit 

half-adder; no provision has been made to Introduce carry from a 

previous stage. The carry could be introduced by adding a logical 1 

to one of the registers controlling the drive lines, but it was felt 

that it would be more Interesting to try to add the carry directly in 

the matrix. The manner in which this was done is shown in Fig. 4.8, 

which shows the drive wiring of a small portion of the .matrix. 

In this design the Y drive lines each run through two rows 

of cores; e.g., the Y • 4 drive line runs through the cores in 

row-4 and then doubles back to run through row-5 in the di

rection. The X drive lines and the bias lines are the same as 

before. In addition there is a new line, the carry bias line, which 

runs through the rows of the matrix in alternate directions. This 

'carry bias line Is under the control of a bidirectional driver which 

can'supply current in either direction; positive bias will be defined 

as current flow from A to B. 
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The bias line biases all cores to -250 ma-t. X and Y drive 

pulses are 400 ma-t. as before. The carry bias is + 150 ma-t. 

Assume the numbers to be added are X • 5 and Y - 4, and there is no 

carry from the previous matrix. Then the carry bias is set at 

+200 ma-t, with the result that cores on even rows are biased at the 

normal level of <>100 ma-t, while cores on odd rows are biased at 

-400 ma-t. When the X • 5 and Y • 4 lines are pulsed, both cores 

5,4 and 5,5 will receive +570 ma-t of drive, but only core 5,4 will 

awitch, due to the difference in bias levels. If the same numbers are 

to be added, and there is a carry from the previous stage, the carry 

bias is reversed, so that core 5,5 switches, giving the correct aum 

of X + Y + Carry. 

Note that if Y is an odd number, the carry bias logic is 

reversed; i.e., carry bias is negative when there is no carry and 

vice versa. If the lowest order bit of Y is denoted Y . and the 
o* 

input carry is denoted C^, the logical equations for carry bias are 

+ Carry Bias - YoCt + Y^ (4.1) 

- Carry Bias - Y^ + Y^ (4.2) 

{ 

Thus, the only external logic required for carry propagation with 

this system is an EXCLUSIVE-OR gate. 

4.3.6 Subtraction in the Matrix 

Another problem that rfiould be considered is subtraction. 

It will be recalled that the logic of the digital integrator ^equiras 
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that it be possible to add or subtract Y into the R-accumulator. And, 

for other applications, it is frequently desirable that an adder unit 

should be able to either add or subtract* 

One way to handle subtraction would be to run a separate set 

of sense lines to detect difference and borrow, but this would require 

another set of read amplifiers, and there is a limit to how many wires 

can be run through the cores* A more practical method is to use sub

traction by complement, I.e., subtraction by addition of the 2's 

complement of the subtrahend to the minuend. The 2's complement of a 

binary number is obtained by inverting each digit (a process which 

91 
generates the l*s complement) and then adding logical 1* 

In the matrix adder this is simple to accomplish* If it 

is assumed that the X drive lines are controlled by a flip-flop 

register containing the number X, then the l's complement is available 

directly, at the FALSE outputs of the flip-flops* Thus, the l's 

complement may be added in the matrix by using these FALSE outputs to 

control the X drive lines, and the extra logical 1 may be added through 

the use of the carry circuit discussed above. In this manner, the 

difference will be indicated on the sum sense lines, and a borrow 

will be indicated by the absence of a signal on the carry sense line, 

and vice versa* To put it another way, the carry line becomes the 

inverse borrow line, and, since the logic of incoming carry and borrow 

is inverse in binary arithmetic, the logic already developed for con

trol of the carry bias line will be correct for subtraction also. 
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4.4 MATRIX ADDERS IN THE PDA 

4.4.1 System Design 

After completion of the dealgn of the adder matrices, the next 

step is to incorporate then Into an integrator. Fig. 4.9 shows the 

block diagram of the firat two atagea of auch an integrator. Only 

two atagea were built, aince the five additional stage8 necessary 

for a 28-bit integrator would be identical to the second stage. The 

objective here waa the teating of the ideas involved, not the con

struction of a working integrator. Also, it was decided to omit the 

subtraction feature, for two reasons. First, the only additional 

circuitry necessary for subtraction in the full-adder matrix (matrix 

with carry biaa) la external to the matrix, and its inclusion would 

provide no additional information about the matrix. Second, by limit

ing the operation to addition, it was possible to use a half-adder 

matrix (matrix without carry bias) for the first stage, thus providing 

a test of both types of matrix adder. 

The Y-register is identical to that discussed in Chapter III, 

except that the sequential circuit, Fig. 3.2a, Is used. This is 

possible because of the slower speed of the matrix logic. The sign 

control and overflow circuitry are omitted from Fig. 4.9 for clarity, 

but they are identical to those shown in Fig. 3.4. 

In each 4-bit stage of the integrator, the outputs of the 

* '• • 
corresponding 4 bits of the Y-register are applied to eight diode 

AND gates, which gate clock pulses through to two out of the eight 

Y (vertical) drivers. The interconnections between the drivers and 

the sixteen drive lines are exactly as shown in Fig. 4.4.' The 
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R-register is singly four flip-flops per 4-bit stage, and the outputs 

of these flip-flops control the R (horizontal) drivers in precisely 

the same manner as the Y drivers. 

The outputs of the sense lines are applied to read ampli

fiers, which are strobed at the proper time, as discussed earlier. 

The outputs of the four amplifiers carrying the sum are delayed and 

then applied to the Inputs of the R-register in parallel. The delay 

is necessary because the new value of R appears at the output of the 

read aaq>lifiers before the termination of the drive pulse. The 

R-register must be reset before the new value can be entered, but it 

cannot be reset until after the end of the drive pulse, so the ampli

fier outputs must be delayed until the R-register is ready for them. 

In a practical model passive delay lines would probably be used, but 

in the experimental model delay unlvlbrators were used, in order that 

the delay could be varied for experimental purposes. 

The output of the read amplifier on the carry sense line sets 

a flip-flop when there is a carry, and the output of this flip-flop 

goes to an EXCLUSIVE-OR gate, along with the lowest-order bit of R 

in the next stage, to set up the logic of Eq« 4.2. The output of this 

gate controls the carry.bias driver. As soon as the carry bias is set, 

the next clock pulse is applied to the second stage, and the procedure 

is repeated. 

It will be noted that the output of the carry flip-flop also 

goes to an AND gate, along with signals from the R-register; this is 

required for through propagation of carry. This situation occurs when 

there is an input carry, and R *15; in thife case there should be an 
• , 

output carry, whatever the value of Y. The carry bias circuit in this 
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situation essentially changes R to zero, so that there can be no carry 

output from the matrix. To provide the carry output in this situation, 

an AND gate is used to detect the coincidence of input carry and R • 15. 

The output from this gate goes to an OR gate along with the normal carry 

signal from the matrix, to provide the carry output signal. This carry 

circuitry must be provided in each stage beyond the first* The output 

carry from the last stage will be sent to AZ circuitry of the type 

described in Chapter III. 

4.4.2 Timing in the Integrator 

At time t • 0, clock pulse CP-0 reads AYg into the Y-regiSter. 

After 1.5 usee., enough time for the input to propagate through the 

first four bits of the Y-register, CP-1, a 4.0 usee, pulse, is sent 

to the AND gates which control the first-stage drivers* 1.9 usee. 

later, at t » 3.4 usee*, CP-2, a 1.5 usee, pulse, strobes the read 

amplifiers in the first stage* Signal pulses appear at the outputs 

of the read amplifiers at t • 4.0 usee., and CP-3, a 4.0 usee, pulse, 

is applied to the AND gates controlling the second-stage drivers at 

t >6.0 usee., allowing 2.0 usee, for the carry bias to settle* CP-4 

also resets the first-stage R-register. The flip-flops used have a 

minimum cycle time of 5.0 usee., so the sum amplifier outputs talist be 

delayed a minimum of 6*0 usee. At t • 7.9 usee*, CP-4, a 1*5 usee* 

pulse, strobes the read amplifiers in the second stage* At t • 10.5 

usee., CP-5, which would also control the third-stage drivers, resets 

the second-stage R-reglster. At t • 11*5 usee., a 10 usee, reset pulse . 

is applied to both matrices. 
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It will be noted that thla system requires a rather large 

number of precisely-timed clock pulses, to obtain these pulses, 

a delay-line clock (Fig. 4*10) was used. For each integration 

cycle a single pulse, from any convenient source, Is fed to the 

input drive amplifier. The pulse Is amplified and shaped and fed 

to a series of 1.0 usee, delay lines with 0.1 usee. taps. As the 

pulse progresses down the delay line, it is tapped off at the 

appropriate times, amplified and shaped by the output amplifiers, 

and sent to the computer. The output amplifiers can be individually 

adjusted to provide the pulse duration and pulse power appropriate 

to each clock pulse. The pulse passing down the lines must be 

periodically amplified and reshaped, due to the attenuation of the 

lines. With a standard, inexpensive delay line, the maximum timing 

error over ten taps is 0.03 usee. Thus, this type of clock provides 

an accurate, reliable, and versatile source of clock pulses. 

4.4.3 Construction of the Experimental Model 

The matrices themselves are strung on standard Telemeter 

Magnetics frames taken from the surplus unit mentioned earlier. The 

drive and sense lines are strung with#34 and #40 Nylclad copper 

wire, respectively. All of the electronics is built up on plug-in 

cards, which are mounted in three circuit-card enclosures. Circuit 

cards taken from the surplus unit are used wherever possible; to 

supplement these, several special logic cards were developed and 

built. All circuits are designed to operate at speeds up to 200 kc, 

with standard signal levels of +5 volts and -5 volts. The power 
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supply voltages are + 5 volts, + 7 volts, + 14 volts, and 4; 24 volts. 

This is more voltages than generally desirable, but all of these are 

required by the surplus cards used. To supply these voltages, a 

series-regulated transistor supply with + 5 percent static load 

regulation was designed and built. The power supply is rather crude, 

but proved quite adequate. Total power requirements of the experi

mental model are about 50 watts. 

4.5 EXPERIMENTAL RESULTS AND CONCLUSIONS 

The usual method of testing a computer is to apply it to 

problems for which the solutions are already known. If the computer 

consistently solves the problems with known solutions correctly, it 

is assumed that it will solve any other problem within its capacity 

correctly. If the computer is operated at a slow speed, each step of 

the solution can be checked. When the computer is run at a high speed, 

all that can be done is to check the final answer. 

To test the experimental integrator, the output was fed directly 

back to the input, to provide a solution of the problem 

dX - Y, 
dt 

which has been previously discussed and diagrammed (Fig. 2.3b). the 

initial condition used was Y • 0001.0000 (binary). For this condition, 

a complete tabular solution, similar to Fig. 2.4a,. was computed manually. 

Then the integrator was stepped through the fTroblem, one st6p at a time, 

and each step was checked against the tabular solution. 

When proper operation under the above conditions was obtained) 
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the next step was to solve the sane problem repeatedly at many 

different speeds, cheeking only the final result. In solving this 

problem, the integrator stops automatically when its capacity is . 

reached. The solution to the problem is Y • e*. Thus, as the 

solution proceeds, the number in the Y-reglster increases until the 

register is full. The next increment added to the Y-register sets 

it back to zero, which stops the solution. Thus the "final solution" 

in the registers will be zero in the Y-reglster, and some remainder 

in the R-regtster. The proper value of the remainder is determined 

from the tabular solution. Any time the integrator stops in this 

specified condition, it is assumed that it solved the problem correctly. 

As an additional check, the integrator was stopped at random points in 

the solution, and the contents of the registers were checked against 

the tabular solution. 

As a further check, the integrator was operated with various 

constant values set into the Y-regi'ster. Under this condition the 

solution generated is Z » kt, and the output on the Z line is a fixed 

and predictable pattern of pulses. The operation was checked in this 

test by viewing the pattern of pulses on the Z line on an oscilloscope. 

The results of the above tests are as follows: 1) The in

tegrator was run through the solution of 

• * v - g - * • 

several hundred times, at frequencies ranging from 1.0 cps to 45 kc., 

without a single detectable error; 2) In the integration of a constant, 

the correct: pattern of pulses was produced for some fifty values of the 
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constant, over the same frequency range* The operation of the inte

grator was not affected by variation of + 5 percent in any or all 

supply voltages. In addition, it was found that the operation was 

not affected by variation of + 10 ma. in the bles level of the cores. 

It will be noted that 45 kc. operation corresponds to 22.2 

usee, per integration cycle; from Sec. 4.4.2, It will be recalled 

that the total cycle time was 21.5 usee. Thus, within the measurement 

accuracy available in setting pulse duration and repetition rate, 

reliable operation at the maximum speed theoretically available in 

this system configuration has been obtained. The fact that variations 

of + 10 ma. In the bias level can be tolerated is quite significant, 

since this means that current stabilization is not required in the 

drive system. 

The writer feels that these experimental results provide a 

convincing demonstration that matrix logic can be made to operate 

with a speed and reliability which make it a suitable technique for 

modern computers. However, the question of whether or not matrix 

logic is economically practical for use in the OOA must also be con

sidered. Using the design of Fig. 4.9, and allowing for the extra 

circuitry required for subtraction, it is found that a 28-bit 

integrator will require approximately 900 transistors and 1500 diodes. 

From a cost standpoint, the matrices themselves would be about 

equivalent to another 900 transistors. 
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Compare these figures with the 400 transistors and 1,000 

diodes required for the design of Chapter III. It is then apparent 

that matrix logic, in the configuration considered, is not a 

practical technique for use in the DDA, in terms of economy and 

reliability. This conclusion can be logically extended to include 

addition and subtraction in general. 

It is certain that more economical designs than the one con

sidered can be found. But it would take a major new development to 

bring the number of semiconductors required with matrix logic down 

to a level even comparable to that required for the fully transistorised 

design. Even if this could be done, the matrix-logic design is only 

one-fourth as fast as the transistorized design. With the use of 

faster cores, it is likely that the -200 kc speed of the transistorized 

design could be approached. But the speed of the transistorized 

design can be pushed up to 5 mc or higher without great difficulty. 

There is absolutely nothing in the present state of magnetics re

search to suggest that the speed of matrix logic, in any form 

resembling that considered here, can be pushed even as high as 1 mc. 

In summary, it is the writer's opinion that, barring a 

completely unforseen new development, matrix-logic addition is not 

economically practical as a technique for addition. It is 

therefore not an economically practical technique for use in any DDA, 

operation on the basic theory outlined in Chapter II. This does not 

mean that matrix logic is not suitable for other applications* Indeed, 

it is the writer's contention that the matrix arithmetic developed here 

offers considerable promise in other applications. This matter will toe 

considered further in Chapter VII. 



CHAPTER V 

DESIGN OF A SERIAL DDA WITH CORE-MATRIX MEMORY 

5.1 INTRODUCTION 

In recent years the technology of magnetic core* has advanced 

to the point where a core-matrix memory of the capacity required for 

a serial DDA will be economically competitive with a drum memory* 

Then, since a core memory has obvious advantages over a drum memory 

in terms of reliability and freedom from maintenance, it would seem 

natural that any serial DDA's that might be built in the future would 

use core memory. Indeed, such a serial DDA has been built recently 

in England,^ and is apparently simpler in organization and operation 

than a drum-memory unit of similar capacity. This machine does not, 

however, realize any. particular advantage over a drum-memory unit in 

terms of speed, since the designers chose to use serial arithmetic* 

Since a core memory is inherently a parallel device, it 

would seem to this author more logical to use parallel arithmetic. 

For the same speed computing elements, a parallel-arithmetic unit 

will be twenty-to-thirty times faster than a serial-arithmetic unit, 

and the usual advantage of serial arithmetic in numbers of components 

is largely canceled by the need for shift registers to convert the data 

83 
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from parallel to serial form and back again. 

In this chapter the design of a parallel-arithmetic serial 

DM with core-matrix memory will be presented. For the most part, 

this discussion will be in terms of overall system organization, 

and details of circuit design will not be considered. Let integration 

time be defined as the time to process a single integrator, and 

iteration time as the time to process all the integrators in a 

problem once. 

5.2 SYSTEM DESIGN 

The specifications of the machine to be designed are as 

follows: capacity, 60 integrators; Integration rate, lOOkc; word 

length, 28 bits. The system block diagram is shown in Fig. 5.1. 

The basic clock runs at lOOkc, one pulse for each integration. 

The pulses from the clock are fed to a capacity 60 counter made up 

of a 12-stage and a 5-stage ring counter. The outputs of the rings 

are fed to a decoding matrix which sequentially develops an output 

on each one of 60 lines, one for each integrator. 

The memory is a 60 x 58 core-matrix operated in the word-

selection mode. Each one of the 60 columns corresponds to one of 

the 60 integrators; the 58 rows correspond to the 28 bits of R, 

the 28 bits of Y plus the sign of Y, and the sign of the addition 

of into the Y-register, Cg-. There is a word switch in each 

of the 60 coition lines, each one being controlled by one of the 

60 integrator control lines from the decoding matrix. During each 
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integration! one of the word switches is opened, routing pulses 

from the read and write drivers through the corresponding column 

of cores. First, a full-read pulse from the read driver reads 

out all 58 cores in that column, through read amplifiers, into 

the registers in the arithmetic unit* When operations in the 

arithmetic unit are completed, the contents of the registers are 

written into this same column, through the coincidence of a 

half-write pulse from the write driver and half-write pulses from 

the digit switches. The digit switches are, of course, controlled 

by the registers. The process is then repeated on the other columns, 

until all the integrators have been processed, completing one 

iteration. 

The arithmetic unit is basically identical to the in

tegrators discussed in Chapters 111 or IV, except for certain 

modifications, which will be discussed in a later section. The 

cycle control clock develops .the clock pulses for the control of 

the arithmetic unit, the core drivers, and certain other elements, 

during each integration cycle. The AZ storage is a set of flip-flops 

which store the outputs of the integrators until they are required 

as the inputs of other integrators. 

The programming of the DM for the solution of specific 

problems is carried out on the plugboard. The integrator control 

lines are connected to various gates which control the input and 

output of the AZ storage and the application of clock pulses to the 

arithmetic unit. 
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5.3 CORE-MATRIX MEMORY SECTION 

Details of the organization of the core-matrix memory are 

shown in Fig. 5.2, with a section of two columns and two rows 

enlarged to show the wiring of the cores. The word switches are 

bilateral transistors, each one of which is in turn held in con

duction during an entire integration cycle by positive signals on 

the integrator control lines. The read driver and write driver 

provide full-read and half-write current pulses, respectively. 

The digit switches are transistors which turn on half-write current 

under the control of the arithmetic unit. 

The word-selection technique used minimizes noise problems 

and permits overdrive to obtain large output pulses. Thus it is 

possible to use low-sensitivity, unidirectional read amplifiers, 

without strobing. The timing of the memory operations will not be 

discussed here except to note that the lOOkc integration rate will 

require the use of three-to-four-microsecond cores. 

The system described is certainly not the only drive system 

that could be found, but it is one of the simplest. The number of 

semiconductors could be reduced by the use of switch cores as 

21 88 
drivers, ' but it is doubtful whether such a system could be made 

fast enough to meet the lOOkc specification. 
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5*4 ARITHMETIC SECTION 

A block diagram of the arithmetic unit la shown in Fig* 5*3* 

It will be seen that the unit is basically similar to the integrator 

shown in Fig* 3*5* One obvious change is the provision for parallel 

input and output on the registers* The ̂ accumulator and Y-register 

are otherwise identical to those discussed in Chapter III (Figs* 3.2b 

and 3*3). 

The AY adder section is not the complete adder shown in 

Fig* 3*6; it is only the 4-bit parallel adder section shown in Fig* 

3*9* The summation of several increments into a complete 3-bit £Jf 

signal is carried out in the AZ storage, as described in Section 5*5* 

The servo logic is made up of several sections of diode logic 

tAiich implement the servo functions described in Chapter II* 

The clock-pulse gate section provides the means of varying 

the sequence of clock pulses so that the arithmetic unit can carry 

out the multiplication and servo functions, in addition to straight 

integration. The cycle control clock provides a series of clock 

pulses at the proper intervals for carrying out the various operations. 

In the gate section these pulses are routed to the proper points in 

the arithmetic unit by the Integrator control signals* For example, 

if the operation Is integration, the first.clock pulse after Y and R 

have been read from memory into the registers will be sent to the AST 

adder, to add AY to Y; the next pulse will be sent to the adder section 

of the R-accumulator, to add Y to R* 
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For multiplication, on the other hand, this process must be 

reversed* The two-Integrator method of multiplication will bis used 

(Fig. 3.10a), and one of the integrators must make the Y-to-R 

addition before the AY-to-Y addition. In this case Che routing of 

the pulses will be reversed from that for Integration. If servo 

action is required, there will be no addition to the R-reglster, and 

the proper clock pulses will be sent to the servo logic. The organi

zation of the clock-pulse gate section for each problem will be set 

up on the plugboard. 

5.5 AZ STORAGE 

In the solution of various problems, the output of any 

integrator may be required as the input of any of the integrators 

used in the problem. For this reason, there must be a fast, 

random-access storage for the AZ signals. The block diagram of the 

AZ storage section is shown in Fig. 5.4* There are fifty storage 

locations consisting of two flip-flops each, one for magnitude and 

one for sign, and-associated gating circuitry. Ten storage locations 

are essentially 3-blt counters, which can sum the outputs of as many 

as seven integrators, and thus perform the function of AY addition as 

well as storage. The decision to provide AY addition for ten inte

grators out of sixty Is arbitrary, but this number should be sufficient. 

It might be possible to time-share storage positions in some cases 

and thus reduce the number of positions needed, but the DDA will be 

more flexible with a storage position available for every integrator. 
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the AZ signals from the arithmetic unit are brought to the 

Inputs of all storage locations, and are gated Into a particular 

location by the presence of a signal on the Integrator control line 

connected to the enabling Input of that location* Similarly, the 

contents of any location can be gated to the AX or A? input of the 

arithmetic unit by signals on appropriate Integrator control lines. 

The connections of the control lines to the storage locations are 

iaade on the plugboard * 

The fifty regular locations can each store the output of 

only one integrator, so provision is made for connecting only one 

control line to the input Of each location* However, the contents 

of a single stage may be used as either AX or A? input to a number 

of integrators, and output gating is provided for this purpose. 

The adder locations must accept AZ signals from several integrators, 

with either sign, so input gating and sign control logic must be 

provided. The output can be sent only to the AST input of *a single 

integrator* 

5.6 PLUGBOARD 

This DDA may be regarded as a wired-program computer, and it 

is through the plugboard that the program for a specific problem is 

entered into the machine. The process of programming a problem may 

be divided into two parts. First, the integrator control lines are 

connected to the clock-pulse gate section of the arithmetic unit to 

determine the type of operation performed in each integration cycle. 
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Second, the Integrator control lines are connected to the control 

gates of the dZ storage to determine which data forms the input 

for each integration cycle* 

The plugboard is divided into two main sections in a 

corresponding manner. On one section of the board there are 

groups of jacks called Control Groups, one for each Integration 

cycle* For each type of operation--integration, multiplication, 

etc.--there is a special type of pre-wired plug. When one of 

these is plugged into the Control Group for a given integration 

cycle, it connects the corresponding integrator control line 

into the clock-pulse gates in such a manner as to set up the de

sired operation. 

On the other main section of the plugboard, the integrator 

control lines are plugged into the control gates of AZ storage. 

In many cases not all of the sixty integrators available 

are needed for a given problem. In such cases it would be a waste 

of time to go through a full sixty integration cycles in each 

iteration cycle. It will be recalled that the integrator control 

signals are obtained from the output of a counter consisting of a 

12-bit and a S-blt ring counter. This type of counter is used 

because it is very easy to change the capacity of the counter by 

shortlng-out stages. Thus the number of Integration cycles per 

iteration can be decreased in groups of five by shortlng-out sections 

of the 12-bit ring, or in groups of twelve by shortlng-out sections 



of the 5-blt ring. For this purpose the input terminals of the 

flip-flops asking up the ring counters are brought out to a 

third section of the plugboard. 

5.7 CONCLUSION 

The basic design of a parallel-arithmetic serial DDA with 

core-matrix memory has been presented. It will be faster than a 

serial-arithmetic machine with the same type of storage and will 

probably require about the same number of components. There is 

little question that the design discussed will require more com

ponents than a drum-memory machine of similar capacity, but it 

offers several advantages. First, there is the increase in speed 

due to the use of parallel arithmetic rather than serial arithmetic. 

Second, for problems requiring less than the full complement of 

integrators there is a further increase in speed due to the fact 

that the number of integration cycles per iteration can be de

creased. This cannot, in general, be done in a drum-memory machine. 

Third, the matrix memory will mean greater reliability and less 

maintenance. And finally, not only can the capacity of this machine 

be decreaaed, it can be increased without great difficulty by the 

addition of another memory matrix. It is very difficult to increase 

the capacity of a drum-memory machine, due to the difficulty of 

•; .to 
synchronizing two magnetic-drum memories. 

• , t ' ! • . '
! 

The design presented in this chapter assumes the use of 

transistorized circuits throughout. An arithmetic unit using 
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magnetic logical element* could be used, but the slower speed of such 

a unit would limit the integration rate to about 50 kc* 



CHAPTER VI 

MODULAR ARITHMETIC 

6.1 INTRODUCTION 

Although the techniques of modular (residue-number) arithmetic 

were not specifically applied to the designs presented in this thesis, 

a large part of the writer's initial theoretical studies was directed 

toward possible application of modular arithmetic to digital integra

tion. The result of these studies was negative, but it is interesting 

to discuss briefly the reasons for these negative conclusions. 

Modular arithmetic was developed by Valach and Svoboda in 

Czechoslovakia, 118 jjas 5een studied in this country 

2 34 
principally by Aiken and Semon at Harvard, Garner at Michigan, and 

132 135 
a group at the Lockheed Missile and Space Company in Palo Alto. ' 

Before considering the specific problems involved in applying modular 

arithmetic to digital integration, the basic theory will first be 

presented, since this theory is not at all well known, and most of 

the publications aire very difficult to obtain. 

6.2 BASIC PRINCIPLES OF MODULAR ARITHMETIC 

Modular arithmetic is based on the theory of congruences.^'*®® 

The congruence relationship is expressed 

A = a Mod b, (6*1) 

which is' £,ead, A is congruent to 0! Modulo b. The congruence states 
• -
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that the equation 

A - a + bt (6.2) 

It valid for some value of t, where A, o, b, and t are all integers* 

As examples of congruences consider 

10 = 7 Mod 3 

10 = 4 Mod 3 

10 E 1 Mod 3. 

In these examples the integers 7, 4, and 1 form,• residue 

class (at is known as the residue) of 10 Mod 3* Modular arithmetic 

makes use of the zero-order residue, for which 0< a< b, and which 

will be denoted by IAI^. AS examples of this notation consider 

M 

M - 2 

M, -  o  
Now consider a number of sero-order residues to the same modulus 

lA l l  b, IA2 I  b, lAnl  b. 

Then It can be proven that the following relationships are valid 

U 

1-1 

u I 
1-1 

A. (6.3) 

a rr 
i-i 

h 

n ia-
i-i 

(6.4) 
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Next, a modular code la defined as follows* Select any 

desired number of integers .... m^, which are pairwise 

relatively prime. Then the modular code for a natural number A 

is made up of the zero-order residues of A with respect to these 

n moduli, i.e., 

A —  , ML >••••• l Al n  ) • 
n 

range 0 <. A< M-l, 

"1 "2 

This code will be unique for integers in the 

where M is the product of the moduli. Then; from consideration of 

Equations 6.3 and 6.4, it will be seen that addition and multiplica

tion will be valid within this code. 

As an example, let m^ * 5, * 3, m^ • 2. Then M • • 30. 

The coding system for integers 0 29 is shown in Table 6.1. Now, 

suppose it is desired to add 11-*—(1,2,1) to 13-*-*»(3,l,l). The 

addition is performed component by component, each time discarding 

all integral multiples of the modulus m^, whence 

12 1 

+ 3 1 1 

-4 3 2 

• 4 0 0 

and (4,0,0)-*-*-24, as can be verified from Table 6.1. 

To multiply 14"»—^(4,2,0) by 2-^-^<2,2,0) the procedure is 

similar. 

4 2 0 

x 2 2 0 

- 8 4 0 

- 3 1 0<*-*28. 
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In the foregoing examples It vlll be noted that the operations 

Involve no carry from one column to the next. It is this fact that 

makes this system so interesting to the computer designer, since the 

implementation of these operations would be economical with respect 

2 
to both time and equipment. For example, Aiken and Semon suggested 

that addition could be carried out in magnetic-core matrices in the 

following manner. In a 5 x 5 square matrix, let |x|j and |Y|^ be 

read in, and designate the core of coincidence |X + Y|j. Fig. 6.1 

maps this notation for the 5 x 5 matrix and indicates the path of 

sense windings from which jX + Y)^ can be read out. This now repre

sents a full adder for a code size of five. It is obvious that the 

code size can be Increased to thirty by using a 3 x 3 and a 2 x 2 

matrix in parallel. By using moire and larger moduli, any desired 

code size may be obtained. Multiplication can be carried out in the 

same manner by designating the coincident core |XY|g and using a 

different pattern for the sense windings (Fig. 6.2). 

Thus, in modular arithmetic, addition and multiplication are 

single-cycle operations. Although the examples involved only positive 

numbers, negative numbers, and thus subtraction, can be handled by a 

complementing technique. Division is a much more difficult problem. 

Such division algorithms as have been found to date are even more 

complex and time-consuming than those used in more conventional systems 

of arithmetic. 
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's 2 

Fig* 6*1 Modulo 5 Adder Matrix 



Fig. 6.2 Modulo 5 Multiplier Matrix 
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6.3 MODULAR ARITHMETIC IN THE PDA 

At first glance it might seem that modular arithmetic would 

have a direct application to DBA design, since the basic operation 

in digital integration is addition. However, when it is recalled 

that the operation of the DDA is based on overflow (carry from the 

most significant digit) of the R-register, it is seen that there is 

a contradiction in the application of the "carry-less" modular 

arithmetic to this problem. 

In spite of this contradiction, it still seemed that modular 

arithmetic might have application to the DDA problem, since only a 

single carry is required, whatever the size of the code. If a simple 

algorithm for the-determination of overflow could be found, modular 

arithmetic might still have advantages in this application. For this 

reason the author spent considerable time looking for a suitable method 

of. overflow detection in modular arithmetic, unfortunately without 

success." 

This is not to say that there are no methods at all. A solution 

certainly exists in principle, since it is always possible to convert 

to some weighted code, i.e., a code in which the position of the digits 

is significant. But such a procedure, in effect, represents a full de

coding, and requires a decoding function with as many states as the 

size of the code. The amount of time and/or equipment required to 

implement such a function is so large as to destroy whatever advantages 

the modular system might have. 
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However, a full-decoding produces more information than is 

required. It is not necessary to know the exact magnitude of the 

number in the R-register; it is only necessary to know if there has 

been a cairry from the R-register. Thus the hope exists that it might 

be possible to find, a simpler decoding function, which would provide 

only the necessary information. A theorem has recently been presented 

135 
which proves that this is not possible in a non-redundant system. 

The full proof of this theorem will not be given here, as it is quite 

lengthy, but a demonstration based on the theorem will provide con

siderable insight into the general problem of overflow detection. 

First, it should be noted that a practically useful DDA, 

(or any computer) must be able to handle negative numbers. In a 
• '.-s 

modular code, the usual procedure is to divide the code in half, with 

the lower half representing positive numbers, the upper half negative 

numbers. If this is done in a ring form, addition and multiplication 

will be consistent, as before. Table 6.2 shows.the Modulo 5,3,2 code 

for this system of notation. With such a code, the problem of over

flow detection becomes a problem of determining if the sign of the 

number In the R-register has changed. 

For the purposes of the demonstration; the following defini

tions will be introduced. 

M range of the computer -- i.e., the number of 

different numbers that can be represented by 

the computer. 
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1 
0 
1 
0 
1 
0 
1 
0 
1 

Table 6.2 Symmetrical Modulo 5/3*2, Code 
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the l'*1 modulus. No particular ordering of 

the moduli Is implied. 

N number of moduli 

Ixl zero-order residue of the number x Mod m. 
"i 1 

Redundant system: a system where 

N 
M < TT m 

i"1 

Non-redundant system: a system where 

M - 1 [ mi 

i-i 

'X'm^ 'X'm2 * * 'X',nN ®odular code for x 

Now take any non-redundant modular code of size M, subject 

only to the restriction that • 

> .m1 (6.5) 

for all i. This restriction says that no modulus is larger than the 

product of the other moduli, i.e., all moduli are about the same size. 

This is not at all a severe restriction, since, in fact, such a 

selection of moduli is desirable for greatest economy in components. 

Next, represent this modular code of size M as a ring, and 

divide the ring into two sectors, A and B, where x^ and x^ are the 

numbers at the boundaries between the sectors (Fig. 6.3). For a code 



cv 

% 

V. 
e> 

6.3 Range of Selected Number System 
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such as shown In Table 6.2, the two sectors would be the upper and 

lower halves of the ring. For this demonstration, the only re

striction necessary is that the number of numbers Included in each 

sector (the range of the sector) roust be larger than any modulus, 

that is 

(1 • 1,2, ... ) 

(6 .6)  
l*A ' *bIm > "i 
l*B " *AIK >al 

In particular, since the Inequality (6.5) requires that the moduli 

be about the same size, the case of two equal sectors satisfies the 

above restriction, for any number N of moduli greater than two. 

The object of this demonstration is to show that there is no 

function of the code, with fewer states than the size of the code. 

which will in all cases indicate the sector in which some given number 

in the code lies. Select one of the i moduli, say m^, and construct 

an arbitrary function g( |*lm ) such that g(|x|ffl ) may take on r 

P P-
values, r < m . 

P 

Now consider a single-valued function 

t<l*ln • ••• l*ln , . «< l*lm •••!*(_•) 
,i 2 P"1 P P+l « 

Since g(Jx| ) has fewer values than |x| , f(x) must have fewer 
mp "p 

states than the size of the code, M. Now it will be shown that no 

matter what the functions f and g may be, subject to the restrictions 

stated, there will always be at least .two numbers, in A, and Xg in 

B, such that f(x^) « f(x2>. 

Select a pair of numbers x^, x^ such that 
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1*11 « * '"s1 m > bue 
P P 

8( |xx| ) - g( |Xj| ) 

P P 

(6.7)  

From the manner in which g was selected, It is apparent that such 

a pair of numbers exist. The modular code for is 

l*ll mi l*ll mj - lxll m " l*ll ay, 

Now find a number x^ such that 

lxli n, l x
2 l m 1  > 

lx
3l m " lX

2l m ' 
P P 

(6.8) 

that is, the modular code for ̂  is 

i*ll mj lxll m2 ' lx3l m "  
P 

1*11 
"K 

From the manner in which x^ and were selected, it can then be 

seen that' , . . 

f(xx) - f(x2) 

34 
Next, apply the Chinese Remainder Theorem, which states 

that in any non-redundant modular code 

N 

I* i„ - T, \ It I 
i-1 1 i 

(6.9)  

M 

Apply this to the range between and x2, i.e., 

N 

IX1 " *2 I M £ 
X1 " x2 

ft. m, 
(6.10) 

M 



Il l  

However, from the rules of nodular arithmetic, 

X1 - X2 

m. m. T m <iXll m " 1*2 I m^| mt i £ 
0, 1 * p 

(6.11) 

since 

Therefore 

iM .t • hi for 1 * * • 

I x, - x. Ih 

A 
m 

*1 " X2 

since 

m " 
P 

(6.12) 

m 

Thus it has been shown that the range of numbers between any 

x^ and Xj, selected as described above, is at least as large 

as m . 
P 

It is possible that a particular x^ and x2, selected as 

described above, might be in the same sector. Assume that this 

is so (Fig. 6.4). Now add mp to both x^ and Xj. Since 

I x )  •  Ix  +  m  |  I ' m  I  p l m  

one has 

8 ( l x l  +  n p l m  ) _  • <  1 * 2  + " p l «  > 
P P 

Further, since x, + m and x„ + m are separated by 
1 p 1 p 

A 
m X1 " X2 

m 
: P 

m 

their residue representation is the same except for the modulus mp, 

and hence 
f(xL + mp) - f(x2 + mp) . 
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Now assume that the range between x^ and xA is less than 

nip. Then, since the range of sector B is greater than m^, 

must be in sector B. But the range between x^ and x^ is 

IX1 - x2lM*% >mp 

so that Xg + nip must be between x^ and Xg, a^d therefore in sector A. 

If the range between x^ and x^ is initially greater than then 

may be added to x^ and Xj as many times as necessary, with the same 

results. Thus it has been shown that it is always possible to find 

two nuabers, one in each sector, which will give the same value for 

any function with fewer states than the code size. It should be 

noted that the theorem can be proved in a somewhat more general form, 

as the restrictions as to the size of the moduli may be relaxed. 

The importance of the above result cannot be overemphasized. 

Not only sign determination and overflow detection, but also relative 

magnitude detection and round-off, may be regarded as operations in 

which it is desired to know into which sector of the code a given 

element falls. Thus, all of these operations must involve a full 

decoding, and the search for a solution to these problems becomes a 

search for the best method of decoding. Decoding is used here in 

the general sense of meaning either a table look-up operation, or 

conversion to a weighted code. 

It should also be noted that the above result does hot imply 

any particular limitation on the form which the implementation of the 
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full decoding function night take. For example, it is not necessary 

that the decoding equipment be able to take on a full M states during 

any one stage of its operation. The decoding may be broken down 

into stages, with the equipment able to take up a smaller number of 

states during each stage. Thus it is possible to trade time for 

equipment. But, as has been shown, the product of the numbers of 

available states per stage cannot be less than M. 

Next, the question of whether or not a redundant system might 

have any advantages must be considered. No general result similar 

to the above has yet been found for redundant systems. The work 

that has been done so far suggests that a full decoding is still 

necessary, but that the redundancy may simplify the decoding problem. 

However, this simplification would be obtained at the expense of 

extra time. 

The writer was able to find several methods of overflow 

2 
detection, based on the work of Aiken and Semon on sign detection. 

Since these methods are quite complex, they will not be discussed 

here in detail; it is sufficient to report that the best of them 

require so much time and/or equipment as to be quite impractical. 

All methods found require at least as many cycles of computation as 

the number of moduli in the code. This would suggest the use of 

large moduli, but the amount of equipment required to implement 

modular addition goes up roughly in proportion to the square of the 

size of the moduli. Thus, a large number of small moduli requires 

too much time, and a small number of large moduli requires too much 

equipment. 
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It has been shown above how this basic characteristic of 

modular arithmetic blocks its use in the DDA. As another example, 

consider the digital correlator. Basically a correlator simply 

multiplies together many numbers and sums the products. Since 

multiplication and addition are one-cycle operations in modular 

arithmetic, and only the final result need be converted to a 

weighted code for interpretation, this would/seem like a natural 

application for modular arithmetic. But here the problem of 

round-off enters the picture. To date no satisfactory method of 

round-off in the modular system has been found. 

3 
Assume that an accuracy of one part in 10 is desired. Then 

3 
the code size of the incoming data must be 10 . But multiplication 

produces double-length products, and there is no way to round off 

6 3 
modular numbers, so a code size of 10 is needed. Then, if 10 pairs 

of numbers are to be multiplied for a single correlation computation, 

9 
a code size of 10 is required to accommodate the full-length sum. 

Thus because of the absence of round-off in modular arithmetic, a 

9 • 
computer with a capacity of 10 is required to compute correlation 

3 132 
to an accuracy of one part in 10 . 
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6.A CONCLUSIONS 

Modular arithmetic may offer some interesting possibilities 

for use in digital computers, since carry is eliminated in addition, 

subtraction, and multiplication. But, such operations as sign or 

relative-magnitude detection, overflow detection, and round-off are 

so difficult in modular arithmetic as to render its use impractical 

in any computer which must perform these operations frequently. 

Thus, modular arithmetic does not seem to be suitable for use in the 

general-purpose digital computer. This fact was recognized quickly 

by all investigators in the field, but the hope has lingered that 

modular arithmetic would find application in special-purpose 

computers. 

The problems encountered with modular arithmetic in two 

particular types of special-purpose computers have been discussed 

above, and the theorem discussed earlier indicates that the same 

sort of difficulties may be expected in any application of modular 

arithmetic. 

As a result, the writer believes that until and unless a 

simple method of decoding modular numbers is found, very little, if 

any, practical use will be found for modular arithmetic. 



CHAPTER VII 

SUMMARY AND RECOMMENDATIONS FOR FURTHER STUDY 

The constantly expanding application of computers in many areas 

of science and Industry has led to requirements for differential equa

tion solvers with combinations of speed, accuracy, economy, and relia

bility not presently available. Extensions In the capabilities of 

digital differential analyzers will enable them to meet some of these 

requirements. This thesis has explored several different possible 

methods of extending the capabilities of the DDA. 

For the attainment of highest possible speeds, using presently 

available and proven components, the most promising approach is the 

use of parallel binary arithmetic in a parallel-organized DDA.. 

Chapter III presents an original design for a fully transistorized 

DDA of this type. In developing this design, emphasis was placed on 

taking advantage of the particular characteristics of transistorized 

logical elements to attain the simplest possible design. The result 

is a design which is entirely practical in terms of the current state 

of the art, and which is capable of integration rates up to five mega

cycles. This represents a 50-to-l increase in speed over any DDA 

presently available. 

For computers which are to be used in control systems, 

reliability Is generally the most important factor. One of the most 

promising methods of attaining high reliability is the use of magnetic 

components. The use of matrices of ferrite memory cores to implement 

117 
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2 
logical functions was suggested at least as early as 1959 , but no work 

had been done on the practical implementation of such a scheme. 

Chapter IV describes an experimental investigation into the implementa

tion of matrix logic and its application to the DDA. 

The result of this investigation was the construction of an 

8-bit integrator capable of reliable operation at integration rates 

up to 45 kc. The construction of the experimental model was carried 

out with conventional, low-cost, non-critical circuits and components. 

The experimental study thus provides a demonstration that matrix logic 

can be made to work in a technically practical manner. 

However, the amount of circuitry found to be necessary is 

such that matrix logic is not economically competitive with con

ventional binary arithmetic, as a method of carrying out addition. It 

is therefore not an economically practical technique for any DDA operating 

on the basic theory outlined in Chapter II. 

This unfavorable balance between matrix logic and binary 

arithmetic is due not only to the characteristics of matrix logict 

but also to the fact that addition is an extremely simple operation to 

implement in conventional binary arithmetic circuits. But addition is 

just about the only operation that is simple in conventional binary 

circuits. That this is true is amply demonstrated by the fact that in 

general-purpose computers, practically all operations are reduced to 

various combinations and sequences of addition operations. 

In matrix logic, however, any operation which can be expressed 

in the form of a two-variable or three-variable table can be implemented 
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by the same basic technique. The only difference is in the way "the 

matrix is wired. Figure 6.2 shows the configuration for a two-variable 

modular multiplication matrix. The matrix with carry addition used in 

the experimental model is an example of a three-variable table imple

mented through the use of triple coincidence. 

In addition, matrix logic has a major advantage in the fact 

that the speed of operation is the same for any type of function. 

This is not true of conventional binary logical circuits. Therefore, 

since matrix logic has been shown to be technically practical, the 

writer believes that it offers great promise for application to 

operations which are complicated and tlme-cohsumlng in more conventional 

types of circuits. 

As a specific example, one of the writer's students is at 

present engaged in the design and construction of a digital correlator 

which will use matrix logic to perform the multiplication and a binary 

accumulator tq sum the products. The matrix logic portion of the 

.correlator will.use the designs and tephniques developed during this 

experimental investigation, and the design of Figure 3.3 will be used 

in the accumulator. This correlator will be capable of computing 

correlation on 50,000 pairs of 5-bit numbers per second, and will re

quire substantially fewer components than correlators of similar 

132 136 
capacity using other types of logic. ' 

Another promising area of application for matrix logic is in 

hybrid function generators for such functions of two variable as 

r sin x, used in coordinate transformations. Designs have bean 

suggested which use 5-bit (32 x 32) matrices, in conjunction with 
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analog circuitry, to develop such functions with an accuracy of 0.01 per

cent, at rates up to 5 kc. Proposals have been submitted for further 

138 
investigations of this problem. 

Chapter V of this thesis considers the problem of increasing 

the .speed of the serial DDA, to provide a medium-speed machine at 

moderate cost. To provide a solution to this problem, an original 

design for.a serial DDA using parallel arithmetic and a small 

core-matrix memory has been developed. The design is for a 60-inte

grator machine with 28-bit accuracy, and an integration rate of 100 kc* 

This design thus provides at least a 20-to-l speed advantage over any 

serial DDA presently available, at a comparable investment in equipment. 

This design also provides greater flexibility in operation than is 

found in drum-memory machines. The writer considers the detailed 

design and construction of a prototype model to be an immediately' 

desirable step. 

This design also offers interesting possibilities as the basis 

for an auxiliary unit for general-purpose digital computers. Most 

modern general-purpose computers have some core memory, so that it 

might be possible to develop a design, similar to that of Chapter V 

but using the memory section of an existing computer, with a resultant 

saving in equipment. The exact arrangement, would, ofcourse, depend 

on the organization of the particular computer chosen. 

This sort of an arrangement might well be an economical 

solution to the problem of predicting missile trajectories. A large 

part of this problem is the solution of the differential equations 
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* i 

which describe the trajectory* Because of Its complex Instruction 

and address structure, a general purpose computer is quite inefficient, 

with respect to both time and equipment, at solving differential 

equations. With the arrangement suggested here, the relatively simple 
§ * 

arithmetic and control units described in Chapter V would be used to 

solve the differential equations, time-sharing memory with the main 

computer, and the main computer would thus be left free to work on 

other problems. For any given problem and rate of solution desired, 

such an arrangement should result in a reduction in the size and/or 

speed of the general-purpose machine required. 

Another approach to achieving higher speed In the DDA is the 

use of an entirely different type of arithmetic. Modular arithmetic 

is a relatively new approach which seemed to offer interesting possi

bilities, so a theoretical investigation of its application to the 

DDA was undertaken. Chapter VI presents a discussion of the problems ' 

that were found to be involved in the application of modular arithmetic 

to the DDA. Also presented is a discussion of a recently discovered 

tiveorem of modular arithmetic which throws considerable light on these 

problems. The conclusion reached is that the successful application 

of modular arithmetic to the DDA, as well as to most any other computing 

problem, will require the development of a practical method of convert

ing modular codes to weighted codes. No such method has yet been found, 

and, until one is, it is unlikely that any practical use for modular 

arithmetic will be found. 
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