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Abstract:
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The content of the thesis is summarized as follows: First, a review of the relevant work which has been
done with microcellular and macrocellular techniques is made, Second, the discrete Kalman filter is
described as an example of the type of problem for which this computer is efficient. Third, a detailed
design for a cellular, array-structured computer is presented. Fourth, a computer program which
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associated control circuits be constructed to determine the feasibility of producing a hardware
realization of the entire computer. 
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ABSTRACT
xi

The subject of this thesis is the development of the design 
for a specially-organized, general-purpose computer which performs 
matrix operations efficiently.

The content of the thesis is summarized as follows: First,
a review of the relevant work which has been done with microcellular 
and macrocellular techniques is made. Second, the discrete Kalman 
filter is described as an example of the type of problem for which 
this computer is efficient. Third, a detailed design for a cellular 
array-structured computer is presented. Fourth, a computer program 
which simulates the cellular computer is described. Fifth, the 
recommendation is made that one cell and the associated control 
circuits be constructed to determine the feasibility of producing 
a hardware realization of the entire computer.
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CELLULAR RESEARCH
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I.I Introduction

. Designers of computers are often confronted with the' development 

of a computer for a particular application such as vehicle navigation, 

signal processing or the like.' Many of these applications, require that 

computations he performed as rapidly as possible and that, the computer 

be as small as possible. In order to meet the requirements for Speedjj 

cost and physical size, the designer will sometimes resort to the 

development of a special purpose computer. The disadvantages of this., 

approach are the large initial design costs and the possible necessity 

of a complete redesign to account for a change in the computation 

algorithm. On the other hand, general purpose computers, while they do 

not have to be redesigned to account for algorithm changes, do have 

disadvantages. Those general purpose computers which are fast enough for 

some applications are usually not Small enough• and those which are 

small enough are usually not fast enough or are too expensive; These • 

arguments suggest that some thought should be given to the design of 

general purpose computers which are capable of performing certain types 

of operations efficiently. Although efficiency may be gained by using 

faster components, this method is usually expensive and leads to other 

complications,'such as poor reliability. Another method of obtaining 

greater efficiency for certain operations is to build a computer which 

takes advantage of the structure inherent in these operations. This 

type of machine can be called a specially organized, general purpose

computer. A computer' of this type could be highly efficient for some
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types of operations as is a special purpose computer, but would be 

easy to adapt to changes'in computation algorithms as is a general 

. purpose-computer.

One class of problems whose inherent structure may.be incorporated

into the design of a computer is that class whiph deals with operations

on matrices and vectors. An example of problems of this, type is the
(3)

discrete Kalman filter. For certain applications of ■ the Kalman

filter many operations must be performed on matrices aS: rapidly as 

possible. Thus, the basis for this research is to develop.a design for 

a small specially organized, general purpose computer which is 

particularly efficient for performing matrix operations

' Incorporating matrix operations into the structure of a computer 

suggests the use of arrays of logic elements. Therefore, it is natural 

to consider some of the work which has been done. With arrays of such 

elements.

Arrays of similar or identical logic circuits together with some 

interconnection structure constitute cellular arrays.. If the cells 

have a low complexity, the arrays of these cells are referred to as 

microcellular. If not, they are referred to as macrocellular. Low- 

complexity cells contain no more than a few gates. In either case, 

the logic circuits, or cells as they are called, are usually arranged in 

some rectangular fashion and the interconnections between.the cells 

usually forms a uniform pattern.

In the. next section some of the work which has been, done on micro-
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cellular arrays will be discussed, and in the following section some 

of the pertinent work on macrocellular arrays will be considered.

1.2 Survey’ of Microcellular Work

• One of the earliest arrays which used identical cells and a uniform

interconnection was originated in 1961 b y 'Brooking^ 1^  at.the Air

Force Cambridge Research Laboratories (AFCRL). The' cells in this

array are eight-input NOR gates with each input of a cell-being

connected to the output of one of the eight neighboring, calls in the.,

array. The array is known as an eight-neighbor array. , Each cell in'

the array has inputs from outside the array which are used.to provide

an electrical disconnect for any of the eight inputs. Several

variations of the eight-neighbor arrays were produced at AFCRL by

Giusti. ' -

Methods for the logical design of eight-neighbor cellular arrays
(21)of NAND cells were developed by Spandorfer and Murphy ' in 1963.

These workers also developed methods of avoiding faulty cells in an 

array.

Much work has been done on arrays whose cells may perform any one
(Il)of. several different functions. In 1962, Maitra ■' considered- one­

dimensional arrays in which each cell can be any of the 16 functions of
!

two variables. Such an array is called a Maitra cascade. Additional

work on Maitra cascades eventually led to Minnick's cutpoint array 
■

in 1964. This array contains cells which can produce any of eight 

combinational switching functions- or an S-R flip-flop. Four parameters
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specify the function to be produced for each cell. In a later array by 

(15). Minnick , called', the cobweb array, • cell parameters specify the 

interconnection as Well as the cell function. Techniques have been 

developed for the logical design of both outpoint and cobweb arrays'

For a much more complete survey of the development of microcellular 

work the reader is referred to reference (10).

I.3 Survey of Macrocellular Work

Arrays of large or complex cells are known as macrocellular arrays. 

Most computers which have been designed with an array structure use 

some form of a macro cellular array. In this section, some of the work 

which has been done in the design of array structured computers is . 

described.

1.3.1 ' Unger’s Machine
(23)In 1958 Unger described a stored-program computer which was 

specially organized-for pattern detection. The computer consists- of a 

master control and a rectangular array of logical modules as shown in 

Figure 1.1. The master control contains a clock, decoding., circuits and 

■ a-random access memory. It accesses instructions from memory, decodes 

them and issues commands which go simultaneously to all of.the modules.
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Figure 1.1. Unger's Machine

Each module (or macro-cell in the nomenclature of Secirion 1.1) 

contains a one-bit accumulator, six one-bit words of random access 

memory and associated logic. Each has inputs from the master control 

and from the. accumulators of its four immediate neighbors. Each 

accumulator also has an input from outside the machine.

A logical OB. circuit with inputs from each of the accumulators 

informs the master control if all of the accumulators contain zeros. This 

information is used for a transfer-on-zero command which is the only 

decision-dependent command us?d.

Other commands for Unger's machine are. shown in Table 1.1. These 

commands are described in detail in reference (23).
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Table 1.1. Command Table for Unger's Machine

'• "Command .1V- Meaning

■ tr x Transfer to instruction x.

. trz x Transfer' on zero to instruction x.

in Logical invert (MOT).

add Logical add (OR).

mpy Logical multiply (AllD).

a dm Logical add to memory (OR)..- '

mpm Logical multiply to.memory (AND).

St Store. :

wr - .. Write (actually a "LOAD" command)

sL(sRssU3sD) Shift left (right, up, down)»

Add.ref Add reference.

Link Link.

exp Expand. .

sA Shift around.

Inputs to the array can be made in parallel by associating an input 

device such as a photocell with each module or by using the shift 

around command.

A typical program for Unger’s machine might locate lower-left 

comers of a pattern. Lower-left corners are located by placing a I 

in all cells (here a cell refers to the accumulator of a module)
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which satisfy the conditions: (a), there is a I in the cell, (b) there

are I's in the' cells immediately above and immediately to the right of 

the cell, and (c) there are O's.in the cells immediately to the left. 

immediately below and diagonally adjacent to the' lower'left. The 

shaded cell of Figure 1.2 satisfies these conditions.

-8- ■

I t

- O
O O

I

-

Figure 1.2. A Lower-Left Corner.

In order to illustrate Unger1S machine, a program to find lower- 

left corners is given below. The first command of this program loads 

the original pattern into the a-register of all cells. In the following 

steps, the operands R and U refer to the a-register of adjacent cells to 

the right and above the cell in question, respectively. In Figure 1.3 

an example set of data are shown in order to make the execution of 

the program more clear. From an examination of Figure 1.3(a) it is 

clear that cells (5,2) and (4,5) are the only two lower-left corners.
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1) st a

2) mpm R,U,a

3) in

4) mpy R,U

5) sU

6) sR

7) mpy a

Result in a-register is Figure 1.3(a).

Result in a-register is Figure 1.3(b).

Result in accumulator is Figure 1.3(c).

Result in accumulator is Figure 1.3(d).

Result is not shown.

Result in accumulator is Figure. 1.3(e).

Result in accumulator is Figure 1.3(f).

It should be noted that the result, shown in Figure 1.3(f), has I's at 

the locations which are lower-left comers in the original pattern of 

Figure 1.3(a).
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Figure 1.3. Lower-Left Corner Program Results.
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Several programs have been written for pattern detection and 

recognition using the Unger machine. '. Some of these are described in 

reference (24).

'1.3.2 Holland's Machine
(7) . : . :'In 1959 Hollandv described a machine organisation to provide a 

basis for investigations in computability and the theory,of automata.

The machine is- a two-dimensional array of modules. Each module 

contains a storage register, some associated logic and some auxiliary- 

registers . At a given time a module may be active or inactive. If the 

module is active it treats the content of its storage register as an , 

instruction and executes the instruction,. After a module has executed 

its instruction it passes its active status on to its successor, which 

may be any of its four nearest neighbors in the array. Thus, sequences 

of instructions are arranged spatially throughout the ,prray of modules, 

with an arbitrary number of sequence's being executed at any given time.
I .

Each cycle of the machine consists of three phases = In the first 

phase, module storage registers may be set to values provided by 

an external source. In the second phase, active modules determine the 

locations of their operands by causing paths to be gated open to them.

In the third phase, the instructions in the storage registers of all 

active modules are -executed.

In general, the Holland machine requires a large amount of hardware 

to accomplish reasonable computing tasks.' It is extremely difficult to 

program the machine so that more than a very small percentage of the
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I

modules are active at one time. In light of these problems a modified 

version of the Holland machine was'described'by' Comfort ̂ . in 1963,

1.3.3 ComfortMachine ' . . .

Comfort's version had basically the same organization as the Holland 

machine. The machine described'by Comfort is a fixed-size..rectangular 

array of modules. At one side of the array are a set o,f arithmetic 

units called A-boxes. The array modules provide storage for data and 

instructions> communication with and between the A-boxes, and sequencing 

of instructions. The A-boxes do all arithmetic and logical computations. 

There is no central control unit; each module executes its,,own instru™ 

tion when it is placed in the active state. The execution of a 

sequence of instructions causes the activation and deactivation of 

successive modules as in the Holland machine.

Comfort concluded that compared with Holland's machine, his 

organization results in:

' I. Programmability improved by several orders 

of magnitude.

2. Reduction in amount of hardware by a factor of five.

3. Hardware utilization improved by a factor of three.

/4. System performance degraded somewhat. (Because only one 

program sequence per A-box can be executed ar one time.)

I. 3. 4. •' Gonzales ' Machine
• ‘ •

Another modified Holland machine was proposed by Gonzales 

.It consists of three layers of modules with each layer being a

(5)
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rectangular array similar to Holland's. A program layer stores data 

and instructions, a control layer decodes instructions and a computing 

layer performs arithmetical, logical and geometrical operations.

The programming is basically the same as the Holland machine with 

each instruction specifying the module containing the next instruction. 

While the computing layer is executing an instruction, the control and 

program layers can be working on the next two instructions, respectively.

As in the Holland machine, programming is difficult and hardware is 

not efficiently utilized.

1.3.5 The SOLOMON Computer

The SOLOMON (Simultaneous Operation Linked Ordinal Modular 

Network) is a parallel computer which was introduced by Slotnick,

Borck and M c R e y n o l d s ^  in 1962.

The SOLOMON consists basically of an array of processing elements 

and a central control, as shown in Figure 1.4.

Figure I.-4. Tne SOLOMON Computer



Each of the processing elements has 4096 bits of core storage and

the capabilities required to perform serial-by-bit arithmetic and

logic. Words in the processing elements may be varied from one to 128

bits. A processing element may transfer' data serially to.and from

its four nearest neighbors in the array..
(17)A later'version of the SOLOMON had a faster clock rate, 

faster multiply logic and a fixed'"Word length. The changes provided 

more computing capability for about the same cost.

1,3.6 The ILLIAC IV Computer
(I)A direct descendant of the SOLOMON, the ILLIAC IV computer  ̂ ,

consists of 256 processing elements arranged in four SOLOMON-type 

arrays of 64 processors each. Each processing element has 2048 words 

of 64-bit memory and extensive arithmetic capability. There is a 

common control unit which decodes instructions and generates control 

signals for all processing elements in the array.

The ILLIAC IV is supervised by a large general purpose • computer 

which controls the execution of array programs, conducts input and out­

put processes and performs independent data processing tasks.

The ILLIAC IV is currently under construction by the Burroughs 

Corporation. A large number of reports which describe, various aspects 

of the ILLIAC IV have been issued by the University of Illinois where 

much of the design work is being done.

-13-
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1.4 Relevance of Previous Work

The' specially-organized' computer.to be described' in this thesis
)

• draws both on the' microcellular work, and the macrocellular work which 

has been'done. .

Previous microcellular work is responsible for the' concept of 

incorporating as much as possible of the structure of the problems, for 

which the computer' is designed, into the array interconnection. The 

use of parameters to modify the interconnection structure is suggested' 

by Minnick's cobweb array.

The contributions due to the macrocellular work are somewhat more 

obvious than those for the microcellular. Unger's machine suggests an 

array structure controlled by a central control unit. However, Unger's 

cells had limited arithmetic capability since his machine Was intended 

for pattern detection. Holland introduced the idea of local control in 

the cells. While some local control seems advantageous 5 the use of 

purely local control has not proved to be very effective.

The basic structure, of the proposed computer is similar to that of 

the SOLOMON with an array of processing cells under the control of a 

central control unit. Differences arise in the types of cells used, 

the interconnection structure for the array and the size of the system. 

The SOLOMON and its descendant the ILLIAC IV are large-scale systems. 

The designers of the ILLIAC IV, for example, are now considering 

the use of one of the' largest computers’currently available (the CDC 

6600) for their central control unit. Although the ideas presented for

■ v  ; ■



the proposed computer' may be extended to much larger systems, the 

computer is intended' to .be roughly the' size of some of the smallest 

computers now available.'

I.5 Organization'of Remaining'Chapters

Chapter'2 discusses the' Kalman filter. This discussion is 

presented to acquaint the reader with the types' of operations which 

a specially organized computer should be able to perform efficiently.

No new material is presented on the Kalman filter because it is 

intended to serve only as an example = Also included in this chapter are 

algorithms for the multiplication and inversion of matrices within an 

array-structured computer.

Chapter 3 presents a detailed design of a specially organized, 

general-purpose computer which has an array structure so that it is 

capable of performing matrix operations efficiently.

A computer program is given in Chapter 4 which provides a detailed 

simulation of the computer described in Chapter 3.

The concluding Chapter. 5 gives a comparison of the computer des­

cribed in Chapter 3 to more conventional computers.

-15-
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2.I The Estimation Problem

A uniformly sampled discrete model of a linear dynamic system 

without control or noise inputs is given by

X(Id-I) - <j) (k+l,k)x(k) (2.1)

where x(k) is a state vector representing the state of the system at 

time kT, T being the sampling period, <i>(k+l,k) is the system transi­

tion matrix and x (k+1 ) represents the state of the system at time 

(k+l)T.

Equation (2,3) represents the case of perfect predictability. : ■, 

The state x(k+n) at time (k+n)T may be determined exactly' based only 

on the state vector x (k) and the transition matrix <j) (ld-n,k) . No 

information about states proceeding or following x(k) is required.-

Ir external additive noise is applied1 to the system, equation (2.1) 

must be modified to .

x(k+1) = (J) (k+l,k)x(k) + F (k+l,k)w(k) (2 .2)

where w(k) is a random vector sequence representing noise and F(k+l,k) 

is a known matrix indicating how w(k) affects each component cf x(k+1).

In most systems the state vector x(k) is not directly observed. 

Instead, a measurement 2 (k) which is related to x(k) by the measuring 

system H(k) is observed. The relation between %(k) and x('k) is 

described by

z (k) = H(k)x(k)- (2.3)

where H(Ic) is a known matrix describing the operation of the measuringI i
system. . '
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Since no measuring system is free of noise, equation (2.3) must 

be modified to

z(k) = H(k)x(k) + v(k) (2.1-1)

where v(k) is the noise vector sequence associated with the measure­

ment of x(k). • ,,

The problem is: Given the system and measurement models, (equations

(2 .2 ) and (2.4)), some statistical properties of the noise and the past- 

history of measurements, what is the best estimate of the. state at 

some given time? If some past state is to be estimated, the process 

is called smoothing. If the present state is being estimated, it is 

called filtering. Estimation of the future is called predicting.

2,2 The Discrete Kalman Filter

2.2.1 Introduction

The Kalman or related filters such as least squares, maximum 

likelihood of Bayesian estimators, are often used fop state estimation 

of a dynamic system, ' Since all reduce to the Kalman form under 

assumptions of gaussianess of random sequences and first.order 

Markovian properties, attention will be restricted to the.Kalman filter. 

Also, since smoothing is not often done and the filtering or prediction 

problems involve an identical algorithm, that algorithm,'will be employed, 

Very breifly, the state of a system is a. vector quantity which 

encodes all of the system history that needs to be known for a parti­

cular purpose1.-( 22 ). '

C
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In general,' it.cannot be determined, or•predicted exactly due"to 
measurement noise,' random inputs to the system or incomplete knowledge 

of the system parameters. To avoid the identification problem and its 

exposition, system parameters are assumed to be known.exactly in this 

discussion.

Although the state cannot be precisely determined, it is possible 

to estimate it in some optimal fashion by the appropriate processing of 

available data. Thus, the problem is that of estimating the state of- 

a system based on the available measurements and on knowledge about 

system parameters and noise statistics.

2.2.2 The System Model

The discrete system model is described by ^

x(k+1) = <j>(k+l,k)x(k) + T (k+l,k)w(k) (2.5)

and  ̂ z’(k) = H(k)x(k) + v(k) (2 .6)

where x(k) is the n-dimensional state vector, (j)(k+l,k) is the system 

transition matrix, Z (Ic) is the m-dimensional observation Vectoivmkn, 

H(k) is a matrix describing the operation of the measuring process, 

and v(k) and w(k) are vector Gaussian noise sequences.

The means and covariances of V and w are

Il2j>W O for all k (2.7)
E [w (k) ] = O for■all k . . (2.8)
cov[w'(k) ) = E[w(k)v7' (n)l = 6 (k,n)Q(k)

; - -
for ‘all k,n (2.?)
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cov[v(k)] = E[v(k)v'(n)] = 6 (k,n)R(k)

..................................... for all k,n (2 .10)

where 6 (k,n) is the'Kronecker delta.

It is usually assumed that no correlation exists between noise 

driving the plant and noise in the observation system. Should such 

correlation exist, a covariance matrix is given as

cov[v(k)w(n) ] = E[v(k)w'(k)-] - <$(k,n)C(k)

for all k,n. (2 .11)

Appropriate filter equations for non-zero C(k) can be found in ■;

reference (3). For the discussion and example to follow, no correlation

is assumed and C(k) = 0. Also ^(k,k-l), f (k,k-l), H(k)-, Q(k), and R(k)are

known since the identification problem is not to be dealt with.

Suppose that a sequence of observations k (0), z (1), ...z(k)

is made. Based on these observations and a knowledge of the system

and noise parameters, it is desired to make an estimate of the

state vector x(n). Notationally this is shown as'x(njk) and is read
.

as "the optimal estimate of x(n) given observations up through time

kT". For filtering, n=k; for prediction, n>k, most usually n=k+l.

The prediction problem for n=k+l (which is computationally identical to

the filtering problem) will be discussed.

The estimation error is defined as

■ x(k-n|k) = x(k+l) - x(k+l|k) (2.12)
- ^

and the measure of performance is the mean squared error, which is the 

sum.of variances in the case of an unbiased estimator such as the 

Kalman filter.
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e2 = E[s'(k-M|k)x(k+l|k)],

In terms of the covariance matrix of x,

X(k+11k) = ' E[x(k+11k)x'(k+11k)] ' (2.14)
the mean squared error can be expressed as

e2 = trl(k+1|k). ■ (2.15)

2.2.3 The Solution

Kalman (3) has solved the problem posed in Section 2,2-2 by 

using the projection theorem from the theory of linear spaces. The

equations describing the optimal filter are :

x (k-1-11 k) = ij>(k+l$k)x(k|k) .. (2,16)

x (k I k) = x(k|k-l) - G(k)[H(k)k(k|k-l) - 3(k)j (2.17)

G(Ic) ='E(k|k-.l)H'(k) [H(k)2(k|k-1)H'(k) + R(Ic)T1 (2.18)
I(kIk-1 ) = <j) (k,k-l)E(k-l| k.-l)<|)' (k,k-1 ) + r(k,k-l)Q(k~l )r ! (k-k-l) (2,19)

E (k |k) = [I - G(k)H(k)]E(k|k-l) (2.20)

where G (k) is a matrix called the optimal filter gain matrix. The 

filtered estimate of x(k) is k(k|k) and the predicted estimate, is 

x(k+1|k), It is worthwhile to interpret 2.17 as showing the filtered 

value to be the predicted value modified by the gain matrix times the 

difference between predicted and actual observation.

As indicated in the equations, x(k+1|k) is a processed version of 

k(kIk-1), updated by the most recent observation z(k). It is not 

necessary, therefore, to store the sequence of previous observations, 

s(0), z(l) 5 ..., z(k-l). All relevant information contained in these



observations is contained in the vector x(k|k-l) and matrix 

H(k|k-l). It is this recursive nature that makes the Kalman and 

related filters computationally attractive.

2.2.4 Computation

To start the computation, initial value x(0 |0) for the state 

vector and E(o|o) for the covariance matrix are assumed. These 

choices having been made, E (110) is calculated according to equation 

(2.20) and G(I) is calculated according to equation (2.19), The 

estimation x(l|0) is then determined using equations (2j_7 ) and (2.18). 

E(110) and x(l10) are then used along with the next observation z(l) 

to determine E(2 |I) and x(2 |I), and so on.

The computations"involve several matrix additions, subtractions 

and multiplications and the inversion of one matrix for each observa­

tion time. For this reason a machine which is used to perform the 

Kalman filter algorithm should be able to do these operations on 

matrices efficiently. The next section describes an algorithm for the. 

multiplication of two matrices using an array-structured computer. An 

algorithm for inverting a matrix in an array-structured computer is 

given in the succeeding section.

2.3 Matrix Multiplication Algorithm

In this section an. algorithm for the multiplicationiof two 

matrices using an array-structured computer is given.

-22-
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' It is desired to multiply two n x n matrices using the con­

ventional definition of matrix multiplication. Assume, for the sake of 

demonstrating the multiplying scheme, that two 3 x 3  matrices A and B 

are defined by

" * 1 a2 a3 "bl b4 b7_

a4 a5 a6 B = b 2 b5 b 8

I--
-- 9> a8 a9_ > 3 b6 b9_

where the numbering scheme for the elements was chosen to provide a 

matrix product whose elements show some form of symmetry as will be 

seen later.

By the conventional definition of matrix product, if A is multi­

plied by B, the result, call it C, is given by

% aIbI ^ b ZbaSb S i!lb4+a2b5+a31>6 aIb TbaZb SbaSbQ
C = AxB'= aAbIbaSb ZbaSb S s^ d aSbS+aSb S

_a7b iba8b 2ba9b 3 a7b4+a8b5+a9b6 a^^agbg4agbg_

The symmetry of this product can be seen by comparing the ij 

element with the j i ^  element and noticing that one is obtained from 

the other by inter-changing the subscripts on the a's and the b's.

The first steps in the multiplication scheme are to ,clear all 

registers and load the matrices A and B into the array, After the 

matrices are loaded into the array they are shifted according to the 

following rules.
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A. I. The first row of A is left alone.

2. The second row of A is shifted left one column,

3, The third row of A is shifted left two columns,

(Note, in general the itil row of A is shifted 3eft 

i- 1 columns for i = I, n).

B. I. The first column of B is left alone,

2, The second column of B is shifted up one row

3. The third column of B is shifted up two rows,

(Note, in .general the j column of B i? shifted up 

j- 1 rows for j = I, n)

Once the registers have been shifted the'multiplication process 

can begin. The contents of the A register of a cell are multiplied 

by the contents of the B register of the cell and the result is added 

to the contents of the C register and stored there. This operation vi3.1 

be called element multiplication,• The contents of the A and B registers 

remain unchanged. Now the contents of all A registers are shifted right 

one cell. In a similar fashion the contents of all B registers are 

shifted down one cell. The cycle is now repeated, A is element multi­

plied by B and the result is added to C. A is shifted right one cell,

B is shifted down one cell. The cycle is repeated n times in general 

(three in the example).

-24-



The operation can be seen more clearly as the 3 x 3  example is
- 2$ -

gone through. The registers are first loaded with A and B

*2 *3 bI b4 V
A = *4 *5 *6 B - b2 hS bS

_'a7 a8 a9„ _b3 b 6 b9.

A and B are shifted using the rules given. Note that A, B and C 

represent the contents of the A, B 5 and C registers respectively.

Rn a_ b, b bI 2 3 I 5 9
A = a a. a, B = bn b . b

5 6 4 2 6 7
a. a a„ b „ b, b

L 9 7 8„ L 3 Ii 8'J

C

0 0 0 

0 0 0 

0 0 0
A is element multiplied by B and the result is added to C.

aI a2 a3
■-

bI b
5 b9

a. a. B = b0 b, b.5 6 4 2 6 /

a9 a7 a8_. Jp 3 b4 CO
rC

81IbI a2b5 a3b9

81Sb 2 a6b 6 a4b7

aSb 3 *7b4 a8b 8
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A is shifted right and B is shifted down one cell.

a. 3-, Th b y b _3 I 2 3 4 8
a> a„ â . ji b4 b k. b„4 5 6 1 5 9
S L r , 3-r, a,-. b. b - b̂L 8 9 7J L 2 6 7J

C
aIbX a2b5 a3b9

a5b2 a6b 6 a4b7 

a9b3 a7b4 aSbS

A is element multiplied by B and the result is added- to C.

a3 aI a2 ^3 \  tg
a, Br ar B - B1 b,, bA4 5 6 1 5  9

_a8 a9 a7_ _b 2 b 6 b7_

alb l+a3b3 a2b5+alb4 - a3b9+a2b8
C = a5b2+a4bl V s +aSbS a4b 7+a6b9

„a9b3+aSb2 a7b4+a9b6 a8b8+a7b 7.

A is shifted right and B is shifted down one cell.
- — 
a. _ a — a b_ b , b_,

2 3 1 2 6 7
a > a * a— B —■ b . b . b6 4 5 3 4 8

_a 7 a8 a9_ „b] bS-b9.



A is element multiplied by B and the result is added to C.

a2 a3 aI b2 b 6 b7
A = *6 *4 a5 B = b3 b4 b 8

a_ a„ a„ b ̂ b ̂ bAL ?  8 9j L I 5 9 J

a3^9+a2'b8'+'alt7

C = a^byha^bg+a^bg

_a9t'3+a8'b2+a7ti ayb^+agbg+agb^ agbg+a^by+agbg^

C now contains the matrix product of the original. A arid B 
.

matrices.
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2.4 Matrix Inversion Algorithm

In this section an algorithm is presented for obtaining the 

inverse of a matrix. . The algorithm is Gauss's algorithm modified to 

make efficient use of an array processor. The modifications consist 

of performing operations on all of the elements of a row, column or 

matrix simultaneously wherever possible.

The algorithm is presented in the form of an APL program. The 

program assumes a machine with two memory registers (M)} a right- 

shifting matrix register (A) with an augmented column vector register 

(P), a down-shifting matrix register (B) with an augmented row vector 

register (C), an adder-subtractor with three matrix registers (AA3 

AB and AC) and a multiplier with three matrix registers (MA3- MB and MG) 

In the above context a "matrix register" means an array of registers' 

used to store a matrix-. The "vector register" means a string of 

registers used to store a vector.

The program, which is shown in Figure 2.1, is intended to 

demonstrate the algorithm, not to produce an optimum realization of it. 

A numerical example which demonstrates the algorithm follows.
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V INVERT
C 1 ] N+ ( p MA TRI Ar) [ I ]
[ 2 ] Ct-ZiZpO
[ 3] Z-M 2,7/,AZ )p0
[ 4] MLla ]+MATRIX
[ 5] K<-1
C Cl LOOPiA^-Mi I;;]
C 7] ZZt-ZZul
L 81 T+(0 1 + pA )p 0
[ 9] TL ; I It-ZZ
[ IOl TL ; I + iZiZ ]t-A
[ 111 A-t-rC ; i 77]
[ 121 R<-TL ; ZZ11 ]
[ 131 ZfCZZ]<-lvZ?[ZZ]
C 14] MLla ]t-A
[ 15] A t-Z? o . x ZZ p I
[ 16] ML 2 ; ; Jt-A
[ 17] MAH-IL I;;]
[ 18] MB+ML2 ;;]
C 19] MCH-IA y-MB
[ 2 0 ] MLliN ilHlCLN ;1
[ 23 ] BHiL I;;]
[ 2 2 ] 2't-( I 0 + pZZ)p 0
r. 23] TL I ; ]t-C
c 24] TL 1+ iZZ ; ]t-B
[ 2 5] B+TL i ZV ; J
L 26] Ct-TCZZ+1 ; ]
C 27] B<-(N,N)pC
L 28] MAHiL 2 ;;]
L 29] ML 2 ; ; > 5
C 30] M B H i L 2 ; ; ]
f. 31 ] MCHiA^MB
C 32] M [ 2 ;;]+MC
C 3 3 J AA +A/C I;;]
[ 34] A B Hl C2 ;;]
L 35] ACt-AA-AB
C 36] AfCl ;iAZ-l; JfACLtZZ-I;]
[ 37] BHiL I ; " 1117/; ]
[ 38] ML I ;;JfB
[ 39] x+a+i
r. 40 J
t 4 1 ]

V
JZZ MBZZBBf ZZC I;;]

Figure 2.1. Parallel Matrix Inversion Algorithm
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As an example of obtaining the inverse of a matrix consider 

Gauss's algorithm modified for the array structure= A 3x3 array is 

used for brevity.

Find the inverse of the matrix

3.0 0.5 1 .0

0.5 1.0 0.5

1.0 0.5 0.5

Load the matrix into the routing A register and set the row buffers 

as indicated giving

0 .0 3.0. 0.5 1.0

0 .0 0.5 1 .0 0.5

1 .0 1 .0 0.5 0.5

Rotate the array, including the row buffers, one cell to the 

right to get

1.0 0 .0 3.0 0.5

0.5 0 .0 0.5 - 1 .0

0.5 1.0 1 .0 0.5

Invert the last-row element of the row buffers giving

1 .0 0 .0 3.0 0.5

0.5 0.0 0.5 1 .0

2.0 1.0 1 .0 0.5



Store the routing A register in memory location I. Location 

I now contains

—31'-

0 .0 3.0 0,5

0 .0 0,5 1.0

1 .0' 1 .0 0.5

Broadcast (by routing) the row buffers across the routing A 

register to get

1 .0 1.0 1 .0 1.0

0.5 0.5 0.5 0.5

2,0 2,0 2 ,0 2.0

Store the routing A register in memory location 2. Location 2 

now contains
r

1.0 1 .0 1 .0

0.5 0.5 0.5

2 .0 2 .0 2 .0

Load the contents of memory location I into the multiply A 

register and the contents of memory location 2 into the multiply B 

register. Multiply, and store the last row only back into memory 

location I. Location I now contains

0 .0 3.0 0.5

0 .0 0.5 1 .0

2.0 2 ,0 1.0

Load the contents of memory location I into the routing B 

register'. Rotate the array, including the column buffers, down one
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cell to place the bottom row in the column buffers. Then broadcast 

(by routing) the column buffers down the routing B register' to get

2 . 0 2 . 0 1.0

2.0 2 . 0 1.0

2.0 2 . 0 1.0

Load the contents of memory location 2 into the multiply A 

register. Store the routing B register in memory location' 2. 

Location 2 now contains

2.0 2.0 1.0

2.0 2.0 1.0

2.0 2.0 1.0

Load the contents of memory location 2 into the multiply B 

register. Multiply and store the result back in memory location 2, 

Location 2 now contains

2.0 2.0 1 .0

1 .0 1.0 0.5

4.0 4.0 4.0

Load the contents of memory location I into the adder A register. 

Load the contents Of memory location 2 into the adder B register. 

Subtract, and store all but the last row of the result back, in memory 

location I. Location I now contains

-2 .0 1 .0 .-0.5

-1,0 -O15 0.5 '

2.0 2.0 1.0
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Load the contents of memory location I into the routing B 

register. Rotate the array down one cell giving

2 .0 2 .0 1 .0

-2 .0 1.0 -0.5

-1.0 -0.5 0.5

Store the routing B register back into memory location I. Location 

I now contains

2.0 2.0 1 .0

-2.0 1 .0 -0.5

-1 .0 -0.5 0.5

Load the contents of memory location I into the routing A 

register and set the row buffers as indicated giving

0 .0 2.0 2 .0 1.0

0 .0 -2 .0 1 .0 -0.5

1.0 -1 .0 -0.5 0.5

Rotate the array, including the row buffers, one cell to the 

right to get

1 .0 0.0 2 .0 2.0

-0.5 0.0 -2 .0 1.0

0.5 1.0 -1 .0 -0.5L
Invert the last-row element of the row buffers giving

1..0 0.0 2.0 2 .0

-0.5 0.0 -2 .0 . ,1.0

2 .0 1.0 -1.0 -0.5



Store the routiiig A register in memory location I. Location I 

now contains ■
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0 .0 2 .0 2 .0

0 .0 -2 .0 1.0

1 .0 -1 .0 -0.5

Broadcast (by routing) the row buffers across the routing A 

register to get

1.0 1 .0 1 .0 1 .0

-0.5 -0,5 -0.5 -0.5

2 .0 2 .0 2 .0 2 .0

Store the routing A register in memory location- 2. Location 2 

now contains

1 .0 1 .0 . 1 .0

-0.5 -0.5 -0.5

2 .0 2 .0 2 .0

■ Load the contents of memory location I into the multiply A 

register and the contents of memory location 2 into the multiply 

B register. Multiply, and store the last row only back into memory 

location I. Location I now contains

0.0 2.0 2.0

OO

- 2,0 1.0

2.0 - 2.0 - 1.0
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Load the contents of memory location I into the routing B register 

Rotate the array5 including the column buffers, down one cell to place 

the bottom row in the column buffers. Then broadcast (by routing) 

the column buffers down the routing B register to get

2.0 - 2.0 - 1.0

2.0 - 2.0 - 1.0

2.0 - 2.0 - 1.0

Load the contents of memory location 2 into the multiply A 

register. Store the routing B register in memory location 2. Location 

2 now contains

2.0 - 2.0 - 1.0

2.0 - 2.0 - 1.0

2.0 - 2.0 - 1.0

Load the contents of memory location 2 into the multiply B 

register. Multiply and store the result back in memory location 2. 

Location 2 now contains

2.0 -2.0 -1.0

-1.0 1.0 0.5

4.0 -4.0 -2 .0

Load the contents of memory location I into the adder A register. 

• Load the contents of memory location 2 into the adder B register.

Subtract, and store all but 'the last row of the result back in memory 

location I. Location I now contains
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-2.0 . 4.0 3.0

1.0 -3.0 0.5

' 2.0 - 2.0 - 1.0

Load the contents of memory location I into the routing B 

register. Rotate the array down one cell giving

2 .0 -2 .0 -1.0

-2.0 4.0 3.0

1.0 -3.0 0.5

Store the routing B register back into memory location 2. 

Location 2 now contains

/ 2.0 -2.0 -1.0

-2.0 4.0 3.0

1.0 -3.0 0.5

Load the contents of memory location I into the routing A register- 

and set the row buffers as indicated giving

0 .0 2.0 -2.0 -1.0

OO -2.0 4.0 3.0

1.0 1.0 -3.0 0.5

Rotate the array„ including the row buffers, one cell to the 

right to get

-1.0 0 .0 2.0 -2.0

3.0 0.0 -2.0 4.0

0,5 ■ 1.0 '1.0 -3,0



Invert the last-row element of the row buffers giving
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-1 .0 . 0 .0 2 .0 . -2.0

3.0 0 .0 -2 .0 4.0

2 .0 1 .0 1.0 -3.0

Store the routing A register in memory location I. Location I 

now contains

0 .0 2 .0 -2 .0

0.0 -2.0 4.0

1.0 1 .0 -3.0

Broadcast (by routing) the row buffers across the routing A 

register to get

-1.0 -1.0 -1.0 -1.0

3.0 3.0 3.0 3.0

2 .0 2 .0 2 .0 .2 .0

Store the routing A register in memory location 2. Location 2 

now contains

-1.0 —1.0 -1.0

3.0 3.0 3.0

2.0 2 .0 2.0

Load the contents of memory location I into the multiply A 

register and the contents of memory location 2 into the multiply B 

register. Multiply, and store the last row only back into memory

location I. Location I now contains
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0 .0 2.0 -2 .0

0 .0 - 2 .0 ' 4.0

2.0 2.0 -6.0

Load the contents of memory location I into the routing B

register. Rotate the array9 including the column buffers,,down one
.

cell to place the bottom row in the column buffers. Then broadcast 

(by routing) the column buffers down the routing B register to get

2.0 2.0 - 6.0

2.0 2.0 - 6.0

2.0 2.0 - 6 . 0

Load the contents of memory location 2 into the multiply A 

register. Store, the routing B register in memory location 2 . Location 

2 now contains

2.0 2.0 - 6.0

2.0 2.0 - 6.0

2.0 2.0 - 6.0

Load the contents of memory location 2 into the multiply B- 

register. Multiply and store the result back in memory location 2. 

Location 2 now contains

-2 .0 -2 .0 6.0

6 .0  6 .0 -18.0

4.0 4.0 -1 2.0-

Load the contents of memory location I into the adder A register,. 

Load the contents of memory location 2 into the adder B register.



Subtracts and-store all but the last row of the'result back in memory 

location I. Location I now contains
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2.0 4.0 -8.0

OXDI -8.0 22.0

2.0 2.0 -6.0

Load the contents of memory location I into the routing B 

register, Rotate■the array down one cell giving

2.0 2 .0 - 6 .0

2.0 4.0 - 8.0

- 6.0 - 8.0 22.0

The routing B register now contains the inverse of the original 

matrix. -... ' '' ■
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2,5 Kalman Filter Example

To provide an example of a use of the Kalman filter algorithm, 

a problem which has been solved by Kolb and Hollister  ̂  ̂\  using 

the algorithm is considered.

The problem concerns the estimation of the motion of a target in 

a plane, given only bearing measurements corrupted by zero-mean 

Gaussian noise. The observer is assumed to be moving in. the samp plane 

as the target. Sequential observations of the bearing of the target from 

the observer are made and the problem is to estimate the position and 

velocity of the target. The observations are assumed to be disturbed 

by zero-mean Gaussian distributed errors, While the target velocity 

is assumed constant, the Kalman theory allows the system being estimated 

to be excited by a ramdon sequence with known mean and variance,

Therefore, the filter is able to tolerate some"maneuvering of the 

target,

The target motion relative to the observer is approximated by

x(k+l) = <j>x(k) + r[w(k) - u(k) ], (2 ,21)

where. <j> is the state transition matrix, w(k) is a vector of random 

disturbances with covariance matrix Q, f is the distribution matrix 

and u(k) is a vector of deterministic accelerations of the observer.

An observation z(k) is determined by

z(k) = H C k M k )  + v(k) , ' (2 .22)



where H(k) describes the measurement system and v(k) 

the measurement noise and has covariance matrix R. 

The solutions given in ( 9 ) can be written as

represents

x(k|k~l) = x (k-lIk-l) - fu(k) (2,23)

Z (k I k-l) = cj)l(k-l|k-l)<f>1 + FQf ' • , (2.2k)

G(k) = 2(k|k-l)H'(k)[H(k)E(k|k-l)H'(k) + R ] " 1 (2 .2 5)

. Z(k |k) = [I - G(k)H(k)]z(k|k~l) (2 .2 6)

z(k|k) = H(k)x(k|k-l) (2.27)

x (k|k) = G(k)[z(k) - 2(k|k-l)] + x(k |k-l) (2 .2 8)

where £(k|k-l) is the estimate of the state x(k) based on k-l 

observations, x (k|k) is the estimate of x(k) based on k observations,

Z(kIk-l) is the error covariance matrix for x(k|k-l), £(k|k) is the 

error covariance matrix for x (kjk) „ and G(k) is the Kalman gain matrix. 

The identity matrix is represented by I.

A FORTRAN IVH computer program was written to perform the Kalman 

filter algorithm as used in this problem. A listing of this program 

is given in Appendix A and a flow chart describing the program is shown

in Figure 2.2. Table 2.1 shows the correspondence between the 

identifiers used in the program and those used in Equations 2.21 

through 2 ,2 8. . . . . .



begi n

pr int 
STDEV 
STDEW

'generate 
PHI matrix

genera te 
GAMMA matrix

— -------------------- --

read first
XSTAR

read
P matrix

read MANY, I NCR 
’ STD EV, STDEW

generate Q and R 
covariance matrices

GAMMA x Q x GAMMA

Figure 2,2. FIov Chart for Example Kalman Filter Program
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Figure 2,2.. (Continued)
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Pigure 2.2, (Continued)
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G = TEMP x GAIN 
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TEMP = -TEMP 

TEMP = I + TEMP 
TEMPI = TEMP'

TEMP2 = PMl x TEMPI 
TEMPI = .TEMP' x TEMP2 

TEMP = G ' - .
TEMP2- = R x  TEMP 
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Figure 2,2, (Continued)
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Figure 2,
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Table 2.1, Identifiers for Kalman Filter Example

Identifier used 
in program

STDEV 

STDEW 

' Q

Purpose Identifier used
______ ___________  in equations

Standard deviation -
of bearing error

Standard deviation of 
target exciting noise

Covariance matrix of Q
target exciting noise

R

PHI

P

PMl

GAMMA

XSTAR

XHAT

XOBS

XT

XACT

Z
ZEiAT

Covariance matrix of R
bearing error • ■'

State transition matrix <j>

Error covariance matrix I(k jk )
of X“'(k k)

Error covariance matrix Z(k|k-l)
of x(k|k-l)

Distribution matrix I

Estimate of x(k) based - x (k |k )
on k observations

Estimate of x(k) based f(k|k-l)
on k- 1 observations

State of observer u

State of target

Relative state of target x(k)

Actual observation a(k)

Estimated observation 2(k|k-1)
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Table 2,1, (Continued)

W Target exciting noise w(k)

V Bearing noise v(k)

U Observer accelerations u(k)

H Linearized observation 
system

H(k).

HT Transpose of H • H''.(k)

PHIT Transpose of PPII K

G The optimal filter gain G(k)

X
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Figure 2,3 shows a plot of the tracks of the observer, the target 

and the estimate of the target for a typical run of the Kalman filter 

example program. An x denotes the initial states of the target and of 

the observer and the initial estimation. Each dot on the tracks 

indicates 20 iterations. This is done to provide some time relationship 

between the tracks, The axes are marked in kilometers, Jt can be seen 

that the estimation quickly converges to the target track,

20

%

Figure 2.3. Plot of Observer, Target end Estimate Tracks



Chapter 3

DESIGN OF1 A CELLULAR COMPUTER'
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3.1 Introduction

' In this chapter a design is presented for a computer which is 

specially structured for the types of operations used in the Kalman 

filter algorithm. The basic structure of the computer is given 

followed by detailed descriptions of the various parts. This computer 

will hereafter be referred to as the KF machine. . ,

As indicated in Section 2.2 the Kalman filter algorithm involves, . 

a large number of operations on matrices and vectors. These operations 

include the addition, subtraction, multiplication, inversion and trans­

posing of several matrices. Since many applications where the Kalman 

filter might be used require the calculations to be done as rapidly 

as possible, a computer used to perform these calculations should be 

able to perform them efficiently. Therefore, a computer with an array 

structure is proposed. Since not all operations deal with matrices ox 
vectors, two types of instructions are suggested: (I) array instruc­

tions which perform operations on the matrices or vectors and (2) non- 

array instructions which perform operations on scalars.

3.2 KF Machine Structure

The proposed KF machine as shown in Figure 3.1 has four sections: 

an array of processing cells, row and column data and control registers 

and a global control unit.

The array of processing cells performs computations involving 

matrices and vectors. This type of data is stored in the array of 

processing cells with each ijth cell containing the Ijt *1 element of a

matrix,
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GLOBAL
CONTROL

ROW
REGISTERS

• COLUMN

:

REGISTERS

I i i
I___  * e <* □

n
”

l_J • • •□
•

* • - ARRAY •
» * e *

□  □ O-; •

Figure 3,1, KF Machine Structure
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Row and Column data and control registers provide an interface 

between the array of processing cells and the global control unit.

The purpose of the global control unit is to fetch instructions 

from its memory, decode the instructions and execute them. Non-array - 

instructions are executed by the global control unit within its

structure while array instructions are executed, by the array of pro- ;

cessing cells under the control of the global control unit«

The remainder of this chapter is devoted to the detailed descrip­

tion of component parts of the proposed KF machine. '

3.3 Special Logic Units ' , :. .

In the descriptions of portions of the KF machine some specialized 

logic units are used extensively. This section describes some of these 

units and the conventions used for logic gates and for logic equations.

3.3.1 Logic Conventions - :

The specialized logic units to be described are assumed to be 

constructed of basic logic gates such as are shown in Figure 3.2. The 

inverted convention for inputs or outputs is indicated by Figures 3.2(d) 

and 3.2(e) respectively. For logic equations inverted variables are 

represented by an apostrophe (’) following the variable. The logical 

OR operation is represented by a plus sign (+), the logical EXCLUSIVE- 

OR by a circled plus sign ( @  ) and the logical AND by a dot (')• ’

3.3.2 Line-Select Gate

The line-select gate shown in Figure 3.3(a) is a three-input 

gate which realizes the function

% = g' • x -I- g • y ,
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y
x-y ■{" y

y-
©
y

x @ y

(a) AID Gate ("b) OR Gate (c) EXCLUSIVE-OR Gate

-Cf
x ’-y

y ~

x —

y
-xJ O - - (x + y)'

C?'

(d) Inverted Input (e) Inverted Output

Figure 3.3 The Line-Select Gate .



Its purpose is to select s as output zs the x input line if the gate 

line g is 0 or t h e y  input line if the gate line g is I, When used' 

in other figures the gate will be represented as in Figure 3.3(b).

The center input is always assumed to be g and the circled input is 

always assumed to be x.

3.3.3 Add-One Cell

The add-one cell shown in Figure 3.4(a) is a two-input, two-output 

cell which produces the functions

“ 5 6™

z = X 1W  - ■

and J= x ©  w .

This cell was mentioned by Hennie and later by Minnick .

x

(b)

Figure 3.4. The Add-One Cell

When used in other figures the cell will be represented as in .
■

Figure 3.4(b).

The cell can be used to form a parallel add-one circuit for adding 

one to an N-bit binary number, N cells are connected in.a cascade with
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parallel inputs from the N-bit binary number as shown in Figure 3.5. 

This circuit- is the one-dimensional decoder array discussed by Minnick 

(1^) . If the w input to the- low-order add-one cell is supplied with 

a 0, the outputs y^ will be equal to their corresponding- x^'s. However 

if the input is a I the outputs y^ will represent a binary number whose 

value is one more than the input number.

yN-I yN-2 yN-3 yO

Figure 3.5. The Add-One Cascade

It should be noted that the cascade can be used to add any power 

of two if the I input is injected into the cascade at a higher-order 

bit position as indicated in the add-four cascade shown in Figure 3.6.

+ 1 — + I ——  I — — ~h I H - 1
I I I I

y3 y2 7i ■ yO

The Add-Four CascadeFigure 3.6.
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3«3.4 One1S-Two1S Complementor Cell

The One's-two1 s complementor cell shox-m. in Figure 3.6(a) is a 

two-input s two-output cell which produces the functions

c = a + b

and d = a ©  b.

a

Figure 3.7. The One’s-Two's Complementof Cell

When used in other figures the cell will be represented as in 

Figure 3.6(b).

The cell can be used to form a parallel one1s-two's 

complementer circuit for N-bit binary numbers. N cells are connected 

in a cascade with parallel inputs Bj from the N-bit'binary number as 

shown in Figure 3.8. If the b input of the low-order cell is supplied 

with a O the d^ outputs will represent the two's complement of the
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binary number. However, if the input is supplied with a I the d^ 

outputs will represent the one's complement of the binary number.

aH-I aI-2 ' aH-3

bH-I bH-2 bH-3

a0

— 0/1

Figure 3.8. The One's-Two's Complementor Cascade

3.3.5 Comparator Cell

Much of the work on comparator circuits has been done by people 

such as Lee ( 10 ) and McKeever ( 12 ) who were concerned with

associative memories.

The comparator cell shown in Figure 3.9(a) is a four-input, two- 

output cell which produces the functions "

e c + a ‘b 1 • d '

and f = d + b'a'"c'



a
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(a) Cb) '
Figure 3.9. The Comparator Cell

When used in other figures the cell will be represented as in 

Figure 3,9(b).

The cell can be used to form a parallel comparator for comparing 

two N-bit binary numbers A and B. N cells are connected in a cascade 

with parallel inputs a^ from the binary number A 5 and b^ from the binary 

number B 5 as shown in Figure 3.10. The inputs c and d. to the high- 

order comparator cell are supplied with 0 ’s.



i
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i

l-l 1-2 1-3

O-
0-

I-I 1-2 '1-3

a0

b0

Figure 3.10. The Comparator Cascade

If the binary number A is larger than the binary number B the 

output line g will be a 0 and the output line h will be a I,- Similarly, 

if B is larger than A, the output line g will be a I and the output 

line h will be a 0. If the numbers are equal, both output lines will 

be 0. Thus, it is possible to detect the conditions A>B, A = B or 

A<B. The condition A = B is given by the function

k = g*-h*.

3.3.6 Adder Cell

The adder cell shown in Figure 3.11(a) is a three-input, two-output 

cell which produces the functions

z = x ©  y ©  w

and n = x«y  +  y«w +  x*w



I

—62—.

x y

Ca) Cb)

-/

Figure 3.11. The Adder Cell
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Wlien used in other figures the cell will be represented as in 

Figure 3.11(b).

The cell can be used to form a parallel ripple-carry adder for 

obtaining the sum Z of two N-bit binary numbers X and Y., N cells are 

connected in a cascade with parallel inputs from the binary number 

X and Yi from the binary number Y, as shown in Figure 3.12. The outputs 

Zj_ represent a binary number Z whose value is the sum of the input 

numbers X and Y . The w input to the low-order cell of the cascade is 

supplied with a 0.

XN-1 yN-I XN-2 yN-2 XN-3 7N-S

T C

2N-I . ZN-2 2N-3 z0

Figure 3.12. The Adder Cascade



3.3.7 Adder^Subtractor Cell

The adder-subtractor cell shown in Figure 3.13(a) is a four-input, 

two-output cell which produces the functions

z = x ©  y © w
and n = y w  + (x ©  g). (w -I y) .

% y

(a) . . (b)

Figure 3.13. The Adder-Subtractor Cell

When used in other figures the cell will be represented as in 
Figure 3.13(b).



The cell can be used to form a parallel ripple-carry adder- 

subtracter -for obtaining the sum or difference of two E-bit binary 

numbers X and Y . N cells are connected in a cascade with parallel 

inputs from the binary number X and y^ from the binary .number Y as 

shown in Figure 3.14.

- 6 5 -

xN-I yN-I XN-2 yN-2 XN-3 yN-3

“ f~
—

I I I I
2N-I ZN-2 ZN-3 tSJ O

6 O  O

xO yO

+
0/1

Figure 3.14. The Adder-Subtractor Cascade

The w.input to the low-order cell is supplied with a 0. If the 

g input of each cell is supplied with a 0, the outputs will repre­

sent a binary number Z whose value is the sum of the input numbers 

X and Y. If the g input of each cell is supplied with a I; the z 

outputs will represent the difference of the input numbers X and Y .

That is., X - Y.
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3.3.8 General Register Cell

The shift and other registers can be thought of as being made of a 

cascade of identical cells. Such a cell is shown in Figure 3.15.

Figure 3.15. The General Register Cell

The cell contains a one-bit register whose contents and its 

complement appear on lines I and 0 respectively. An input on the 

toggle line T causes the register to switch to I if it wa.s 0 and to 0 

if it was I. The switch occurs on the transition of the input from 

a 0 to a I.

An input on the clock line C causes the data to be transferred 

into the register from the set line S and the reset line R. The change 

occurs on the transition of the input C from a I to a 0. Thus, a 

string of cells connected as shown in Figure-3.16 acts as a shift 

register when the C input is applied.
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Figure 3.16. A Shift Register Cascade

An input on the input line I causes the register to be set to the 

value of the data line D. This input is used to transfer data in 

parallel into a string of cells.

Not all registers will require cells with fhe capability of the 

general register cell. However3 this model serves to represent all of 

the types of cells required. When the general cell is used in a 

register, only those inputs or outputs required for that particular use 

will be shown. A convention will be adopted in order to avoid the 

necessity of labeling all inputs and outputs for every use: the

outputs will he marked as I and O and the inputs will be identified by 

their position with respect to the outputs, Home examples of cells in 

which not all inputs and outputs are used are given in Figure 3.17(a), 

their corresponding equivalent forms are given in Figure 3.17(b).



I

- 6 8 -

I j ~ -  — I — ! ' ■

o j —  — O — O
I I

(b)

Figure 3.17. Special Forms of General Register Cell

It should be noted that the register cell outputs may be directed 

either to the left or to the right. In either case the I input line is 

the line closest to the output side and the C .line is the line 

closest to the side with the S, R and T inputs.

3.4 Array Interconnection Structure

In order to describe the array interconnection Structure for the 

proposed KF machines it will be helpful first to consider just the 

routing portion of the cells. An equivalent treatment is to develop
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the interconnection structure for cells with just a ■routing capability.

Such a routing cell is shown in Figure 3.18(a). The cell consists 

of two inner register Cells I shown in Figure 3.18(b) and II shown in - 

Figure 3.18(c) and some control logic. The inner cells I and II each 

have two data inputs, two data outputs and two control inputs. The 

data output lines are tied together internally so there is really only 

one output for each inner cell. Inner cells I have data inputs from 

corresponding inner cells of the routing cells west and northeast of 

their routing cell. Inner cells II have data inputs from the corres­

ponding inner cells of the routing cells north and southwest of their 

routing cell.

One of the control lines into each of the inner cells selects 

the data line to be used as input to that cell. The other line 

selects whether the incoming data is to be routed to the register 

within the cell or around it. If it is routed to the register, the 

output of the, cell corresponds to the low-order bit of the register and 

the input goes to the high-order bit of the register. If the data is 

routed around the register, the output of the cell corresponds to the 

data on the selected input line.

The routing cell has two sets of control line inputs for the 

inner cells: the set entering the cell from the top comes from the row

control bus and the set entering the cell from the right comes from 

the column control bus. The control line' pushing through ,the cell 

diagonally from the upper-left to the lower-right selects which set of



Figure 3.18, The Routing Cell
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control inputs the cell is to use. The column control lines are used 

if this line is 0, the row control lines are used if it is I. This " 

control goes to all cells in the array so either all cells are using 

row control lines or all cells are using column control lines. The 

arrangement of control lines is shown for a 4x4 array in Figure 3.19.

Each cell is capable of 16 different routing configurations 

depending on the values of the selected control lines. These configur­

ations are shown in Figure 3.20, Cells in which the register is by­

passed are shown with the input passing through to the output. Only 

the output line corresponding to the selected input line is shown 

although the same output would appear on the other output line as well.

Some of the basic routing operations can now be demonstrated using 

4x4 arrays of the cells just described. No particular" interconnection 

pattern is assumed at this time. When a sufficient set of basic 

routing patterns has been developed an interconnection pattern incor­

porating all of these can be constructed.
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Figure 3.19. Routing Array Control-Line Interconnection
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C = OOOO C = 0100 C = 1000 C = 1100
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C = 0001 C = 0101
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C = 1001 C = 1101
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Z
C - 0010 C = 0110 1010 1110

C = 0011 C = 0111 C = 1011 c = m i

Figure 3,20. Possible Routing Cell Configurations



-Yk-

Eigure 3.21, A Routing Cell Representation

The routing cells are drawn as shown in Figure 3.21 which repre­

sents the two inner cells of Figure 3.18(a). Control lines are not 

shown. For all of the interconnection patterns the registers are 

connected together to form long shift-registers. There is assumed to 

be one element of an array of data stored,in each of the inner cells. 

The data is shifted from cell to cell along the interconnection paths.

Figure 3.22 shows an interconnection pattern for rotating the 

data array, stored in the registers of the I inner cells, to the right. 

The outputs of the right edge cells connect to the inputs of the left 

edge cells forming a cylindrical interconnection.

-The interconnection pattern of Figure 3.23 is similar to that of 

Figure 3.22 except that cells in the second and fourth columns are by­

passed. Thus only the first and third columns take,an active part in 

the routing process. This scheme could be used to perform a column 

interchange operation of a sub-array rotation.

Figure 3,24 shows an interconnection pattern for rotating the data 

array, stored in the II inner cells, down. The outputs of the bottom
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edge cells connect to the inputs of the top edge cells forming a 

cylindrical interconnection as before. Also as before some of the 

rows of cells may be by-passed; however, this is not shown in the 

figure.
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Figure 3,22.. Rotate-Right Interconnection
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.Fogire 3<23. Interchange-Column Interconnection
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IpIgure 3,2b. Rotate-Down 'Interconnection.
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Figure 3.25 shows in interconnection pattern for replacing the 

data array, stored in the registers of the II inner cells (Figure 3.18) "by 

a skewed-up version of the data array stored in the registers of the I 

inner cells.

Similarly Figure 3.26 shows an interconnection pattern for 

replacing the data array, stored in the registers of the I inner cells 

by a skewed-left version of the data array stored in the registers of 

the II inner cells.

Finally, Figure 3.27 shows an interconnection pattern .for 

replacing the data array stored in the registers of the I inner cells 

by the transpose of the data array stored in the registers of the II 

inner cells.

It should be noted that in some cases more than one type of 

routing may occur at once. For example it would be possible to rotate 

the data array, stored in the registers of the I inner cells, to 

the right and at the same time rotate the data array, stored in the 

registers of the II inner cells, down.

A 4x4 routing array incorporating all of the interconnection 

patterns just discussed is shown in Figure 3.28. The, array uses 

routing cells as shown in Figure 3.18.

Line-select gates along the left edge of the array are controlled

by control line f; these gates are used to direct data to the west input
'

of the I inner cells of the left edge routing1 cells. The data comes 

from either the external row inputs bj or from the right-edge line- 

select gates. y
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Figure 3*25». Skew-Up Interconnection
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Figure 3.26, Skew-Left Interconnection
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Figure 3*27* Transpose Ixiterconuection
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g

z:.J -__i-z:

Z = C L -

Figure 3.28, Kouting Array Interconnection
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Line-select gates along the right edge of the array of Figure 3.28 

are controlled by control line g, and these gates are used to direct- 
data to lines which go to the external row outputs d^ s to the left-edge, 

line-select gates and to the south-east input of the II inner cells of 

the left-edge routing cells. The data comes either from the outputs 

of the I inner cells of the. right-edge routing cells or from the out­

puts of the II inner cells of the bottom-edge routing cells.

Line-select gates along the top edge of the array of Figure. 3.28 

are controlled by control line e; these gates are'used .to direct data to 

the north inputs of the II inner cells of the top-edge routing cells.

The data comes either from the external column inputs a., or from the 

outputs of the Il inner cells of the bottom-edge routing cells.

The outputs from the II inner cells of the bottom-edge routing 

cells also connect to the right-edge line-select gates 5 to the north­

east inputs to the I inner cells of the top-edge routing cells and to 

the external column outputs ĉ .

Within the array the outputs of the I inner cells connect to the 

northeast inputs of I inner cells located southwest of the-given cell ' 

and to the west: input of the I inner cells located east of the given 

cell. The outputs of the II inner cells connect, to the southwest in­

puts of II inner cells located northeast of the given cell and to the 

north input of TI inner cells located south of the given cell.

On the left edge of the array in Figure 3.28 the southwest 

outputs of the I inner cells are connected to the northeast inputs

-84-
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of the I inner cells on the right edge of the array and down' one row 

from the given cell. An exception is the lower-left cell of the array; 
the output of this cell is not used. The northeast outputs of the Tl 

inner cells on the top edge of the array are connected to the southwest 

inputs of II inner cells on the bottom edge of the array and right, one 

column from the given cell. An exception is the upper-right cell of 

the arrays which has an unused output. .

The southwest outputs of the I inner cells on the bottom edge 

of the array are not used and the south outputs of the II inner cells 

are directed to the top and right line-select gaf.es and to the top 

northeast inputs, as mentioned before.

On the right edge of the array the northeast outputs of the II . 

inner cells are not used and the east outputs of the I inner cells are 

directed to the right line-select gates as mentioned before.

3.5 Data Representation and Arithmetic

Before describing the structure of a processing cell it will be - 

helpful to discuss the form in which numbers are represented and how 

the arithmetic is handled in the cells»

3.5.1 - Data Representation

The data are represented in floating-point form. A 32-bit 

floating-point number consists of a sign (bit 0), a 24-bit binary 

proper fraction (bits 1-24) and an excess-64 base-2 exponent 

(bits 25-31) . The binary point is assumed to-.precede bit 1» The 

floating-point.format is given by Figure 3.29
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+ Fraction (F) Exponent (E)

0 I 24 25 31

Figure 3.29. Floating-Point Format

■where the value W of the number is given by

N -  F x  2®” '̂ if the sign is 0

or N - -(I - F) x 2®""̂ 4 if the sign is I.

For negative numbers the sign bit is I and the fraction is in two's 

complemented form.

The exponent is excess-64. That is, the exponent is represented 

by the binary equivalent of the exponent value plus 64. So for 

example, if the exponent field considered as a 7-bit binary integer is 

zero, then the fraction is to be multiplied by 20™64 - 2"64 , If the
i . .

exponent field is 127 then the fraction is to be multiplied by
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2127-64 = 2^3. The exponent field is not complemented for negative 

numbers as is the fraction *

A number is considered to be normalized if: the sign bit is 0 

and either bit I or bit 2 is a I, or the sign bit is I and either bit 

I or bit 2 is a 0. This method of normalizing numbers, -is used rather 

than strict base-2 normalization so that numbers may be normalized 

regardless of their sign. It does} however allow for. more than one ■, 

representation for some numbers. For example, 1.0 may be represented; 

by either

0.1000000000000000000000001000001 

or 0.0100000000000000000000001000010.

This floating point representation makes direct comparison of 

two numbers somewhat more difficult than some other representations. 

However, the circuit requirements for implementing this represen­

tation seem to be less that for others.

3.5.2 Arithmetic

In this section methods of doing arithmetic with the assumed form 

of floating-point "numbers are developed. For clarity the 8-bit 

representation will be used.

As an example of the addition process the puni A + E will be found, 

A = 2.5 and B = -1.25. In the 8-bit form with an extra sign bit A and 

B are represented by

.A=-OO . 1010 H O  ■ .

and B = 11 .0110 101.
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The first step in the addition is to align the fractions. To do 

this compare the A exponent (Ae) to the B exponent (Be). Since B0 

is smaller shift the B fraction (By) right I bit position, extending 

the sign and increment Be by I giving

Af = 00 .1010 Ae = H O

Bf = 11 .0110 Be = 101

Since Ae is now equal to B0 the fractions are aligned for 

addition. The sum of the fractions is given by

Cf = 0 .00101

where the assumed binary point is now one hit to the left, of its original 

position. This is to allow for possible overflows which may occur: Ir 

the addition. A I is added to the exponent to account for the change 

in position of the assumed binary point. So the exponent is now

Ce = 111.

The result can now be normalized. To normalize, check for the 

normalize condition. It is not satisfied yet so shift the fraction 

Cf left and decrement the exponent Cg to give

C = O  .01010 C = HO.. f e

Therefore C is 1.25. '

As an example of multiplication, the"product.A x B will he found, 

where A =.™1,5 and B = 1.5. .Again- the 8-hit representation will he 

used. ■The numbers are given by
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ii 1.0100 Ae = 101

and Bf “ 00000.1100 Be = 101.

A double length register is used for so its sign bit is extended 

left 4 bits.

The fraction portion of the product C register is cleared to 0. 

The exponent'portion C0 is set to the sum of Afi and B with the high- 

order bit complemented to account for the excess-4 exponent repre­

sentation giving

Ce = HO.

' The fraction multiplication now consists of adding to if the 

low-order bit of A^ is I, shifting A^ right I bit, extending the sign 

bit, and shifting left I bit, filling with 0 1s on the right, If

the low-border bit of A^ is 0 the process is the same except that the. 

addition is not performed. This process is repeated once for each bit 

of the Rf register, ( nine times for this case) to produce a correct 

product regardless of the sign of A or B . These steps are shown as

Table 3.1.
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Table 3.1. Multiplication Steps

. - A =  10100 f Cf =000000000

Bf = 000001100

A = 11010 Cf = 000000000 

Bf = OOOOllOOO

Af = 11101 Cf = 000000000 

Bf = 000110000

Af =* 11110 = 000110000 f
Bf = 001100000

Af = 11111 Cf = 000110000 

Bf = 011000000 '

A = 11111 f C = 011110000 f
Bf = 110000000

Af = 11111 Cf = 001110000 

Bf = 100000000

A i . = 11111 I Cjr = 101110000 f
B = 000000000

A = 11111 £ Cf = 101110000

B = 000000000 f



The normalize process is the same as that for addition .giving

C = I  .0111 C = 110f e
so C = -2.25.

Other multiplication methods perform the multiplication in 

fewer add cycles but require correction of the results depending on 

the signs of the operands.

3.6 Processor-Cell Structure

The processor cell shown in Figure 3.30 consists of the cell 

control unit labeled C 5 the memory address decoder D5 the memory bit- 

storage section B5 the cell selector S5 the cell routing unit R 5 the 

cell adder-subtractor A and the cell multiplier M. The only data or 

control lines shown entering or leaving the cell are those associated 

with the cell routing logic.

There are four address lines that connect the cell control to the 

address decoder. Sixteen word-select lines connect the memory address 

decoder to the memory bit-storage section. The store line in Figure. 

3.30 connects the cell control to the bit-storage section. Thirty-two 

read lines interconnect the bit-storage section and the cell selector, 

the cell routing unit, the cell adder-subtractor and the cell multi­

plier. Thirty-two write lines are used in Figure 3.30 to connect the 

cell selector to the bit-storage section of the memory. The cell 

adder-subtractor and the cell multiplier are each connected to the cell 

selector with 32 lines s while the cell routing unit is connected 

to the cell selector with two sets of 32 lines each,
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Txvo selector control lines connect the cell control to the 

cell selector. The routing unit, adder-subtractor and multiplier 

each have several control and data lines tying them to the cell

control unit.
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Figure 3..30 Structure of Processor Cell
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3.7 Cell Memory Unit

The cell memory unit, shown in Figure S-Sl1 consists of"two sections, 

indicated by D and B' in Figure' 3.30.' The section on the left of Figure 

3.31 is an address decoder while the section on the right of the figure 

is the actual bit-storage portion of the memory. ' "

The address decoder section of the memory has four inputs and 

16 outputs corresponding to the 2^ = 16 possible input..combinations.

Only one output line can be true at a time. For example if. the 

address lines a^-a^ are set to 1011, output line 11 (actually the 12th ' 

line) will be set to 1$ all others will be set to 0.

The bit-storage section of the memory consists of an array of 

identical cells of the type shown in Figure 3.32 arranged in 16 rows 

of 32 cells each and interconnected as shown in Figure 3.31. The 16 

input lines to the array from the address decoder serve as word-select 

lines. Data is read from the selected word in parallel on the 32 r_̂  

read lines. Since one word will always be selected, that word will be 

available -on the read lines at all times. Thus, no action other than 

setting up the appropriate address is required to access and read a 

word. Data is written into the selected word in parallel from the 32 

w^ write lines. The content of the selected word is not changed until 

a signal is supplied on the store lines. Thus, to access and write a 

word the appropriate address must be set up, data to be written supplied 

to the write lines and a signal supplied to the store line.
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Figure 3 Cej j Memory Unit
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word-select line

store line

read line

Figure 3.32. Bit-Storage Cell
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As an example suppose that word 11 is selected. The contents 

of word 11 then appear on the read lines. If a signal is supplied 

to the store line s the contents of word 11 are replaced by the data 

supplied to the write lines. No other words are affected and the new 

contents of word 11 now appear on the read lines,

It would be possible to operate the memory serially by using shift- 

registers for data storage. However the circuitry which may be saved by 

doing this does not seem worth the extra time which would be required 

to transfer a word of data.

Figure 3.33 shows some typical MOS circuits (l8,20) for 

implementing (a) a shift-register stage and (b) a bit-storage cell.

(a) Shift-Register Stage (b) Bit-Storage Cell

Figure 3.33. Storage Cells
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It can be seen that there is very little difference in the number of 

active elements per'cell for the two types of storage. However, the 

parallel data paths to and from the memory require more circuitry to 

direct than would a serial data path.

3.8 Cell Selector Unit

The cell selector unit S in Figure 3.34 consists of 96 line-select 

gates arranged as shown in Figure 3.34. The unit has 32 inputs from 

each of: the cell routing unit A register (ra^)$ the cell routing unit 

B register (rb j_) 5 the cell adder-sub tractor C register (ac^) and the cell 

multiplier C register (mc^). Two control lines, s cIq and sel^, are 

used to select which of the four input sets is to be transferred to the 

output (w\) according to Table 3.2.

TABLE 3,2. Truth Table For Cell Selector Control

selO s el Wi

0 0 rai
0 I Tb1

I .0 ac_̂

I
L

I me.i

The output lines of the selector are used to drive the write

lines of the cell memory unit. ' Thus the purpose of the selector unit is 

to select the register to be stored in memory for a store operation.
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Figure 3,34, Cell Selector Unit
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3*9 Cell Routing Unit

The cell routing unit shown as R in Figure 3.30 consists of two 

32-bit registers connected as shown in Figure 3.35. The registers, 

called A and B 5 are capable of handling data in either a serial mode 

as shift-registers, or in a parallel mode as conventional registers. .. . 

These registers correspond to the I and II inner cell registers referred 

to in the discussion of the array routing (Section 3.4, and Figure 3,18).

Parallel transfer of data into the registers of Figure 3.35 is 

controlled by the control lines "loada" and "loadb". Parallel data is 

made available to the registers on lines c^ and' d_̂  which are both 

connected directly to the cell memory unit read lines r_. . The contents 

of the registers are available on lines a^ and b^ which are connected 

to corresponding ra^ and rb^ lines of the cell selector unit shown in 

Figure 3.34.

Serial transfer of data into the registers is controlled by the

control lines "shifta" and "shiftb".

Associated with each register are two line-select gates. One of

these is used to select the source of serial data to be supplied to the'

register. For register A it is either from the upper-right if control

ky is I or from the left if control kg- is 0. For register B it is

either from the lower-left if control Ic is I or from the top if3
control k_ is 0. The other line-select gate associated with each 3
register is used to determine if the data supplied to the output lines, 

a for register A and f for register B 5 is to come from, the last bit of 

the register or from the selected input to the register. In the latter
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Figure 3-35. Cell Routing Unit
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case the cell register is effectively by-passed, 

unit is discussed in greater detail in Section 3.

The cell routing 

4, where the purposes

of the features are described.



I

3.10 Cell Addef--Subtractor

The cell floating-point adder-subtractor shown in Figure 3.36 

consists of an alignment section, an add-subtract section and a 

normalize section. This adder-subtractor corresponds to A of Figure 3,30.

While the adder-subtractor shown is for a 8-bit floating point 

numbers, the circuits extend in an obvious way to the 32-bit repre­

sentation discussed. The 8-bit numbers are used to simplify the figures.

The 8-bit format used consists of a sign bit (bit 0-), a 4-bit 

binary proper fraction (bits 1-4) and a 3-bit excess-4 base 2 exponent.

The purpose of the floating-point adder-subtractor is to produce 

the normalized sum (A + B) or difference (A-B) of two floating point 

numbers A and B.

The alignment section contains a 26-bit register (shown as 6-bit) 

for the sign and fraction portion of each of the two numbers (A and B) 

and a 7-bit register (shown as 3-bit) for the exponent portion of each 

of the two numbers. Two identical sign bits are used for each, of the 

fraction registers. The alignment section is used to align the fractions 

of the two numbers before adding or subtracting. To accomplish this the. 

alignment section uses a string of 7 comparator cells, previously 

discussed in Section 3.3.5, to act as a parallel comparator for com-
i

paring the exponent portions of A and B . Both inputs on the left end of

the string are tied to 0. A clock signal (align) provided by the
'

global control causes the smaller of the two exponents to be increased 

by one and its corresponding fraction to be shifted to the .right one 

bit position. The sign bits do not receive the clock signal so the
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sign of the fraction is extended -in the shift process« The smaller 

exponent is selected by using the comparator output to inhibit the 

clock signal going to the register containing the larger exponent. The 

exponent registers are connected as ripple-through binary 'counters to 

accomplish the exponent incrementing. The fraction registers are 

connected as shift-registers to accomplish the shifting.

When the two exponents are equal the alignment clock'will be 

inhibited from both registers by a signal from the comparator. The same 

signal that inhibits the clock can be used to indicate tc the global 

control that the alignment is complete for that cell.

Data is loaded into the A or B registers in parallel from the 

32 a^ or lines when a signal is supplied to the "loada" or "lo.adb" 

lines, respectively. The sign bits are extended left to fill the high- 

order bit positions of the registers. Thus, there are two sign bits 

(bits 0 and I) for each register.

The add-subtract section consists of a string of 26 of the add- 

subtract cells previously described and a string of seven of the add-one 

cells, also previously described. ' The adder-subtractor cells are con­

nected as a parallel ripple-carry adder-subtractor. A 0 is supplied to 

the 'carry-borrow input of the rightmost cell. The adder-subtractor 

receives 26 parallel inputs from each of the A and B registers and has 

26 outputs coming from the sum-difference outputs of the add-subtract 

cells. The additional bit on the left allows for possible overflow 

when the sum of the two fractions is greater than one.
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The add-one cells are used to add a one to the exponent. The 

exponent from the B register"is used since the A and B exponents must 

be the same after alignment. The exponent'is increased by one because 

the output of the adder-Subtractor is taken,shifted One bit to the left 

of the input to allow room for an overflow in the add-subtract process.

The normalize section of Figure 3.36 is used to normalize the 

result in the output register. This section consists of a 26-bit 

register connected as a shift-register for the fraction portion of the. 

sum or difference, and an 8-bit register connected as a decrementing

binary counter for the exponent portion of the sum or difference.

The registers are loaded in parallel from the outputs of the add- 

subtract section when a signal is supplied on the "Ioadcn line.

To accomplish the normalization a clock signal provided by the 

global control causes the exponent to be decreased by one and the

fraction to be shifted left one bit. The sign bit is not changed in

the shift process, A check-for-normalize circuit detects when the con­

tents of the register satisfy the conditions for a normalized" number 

and inhibit the normalize clock. The inhibit signal can again be used 

to indicate to the global control that the normalization is complete 

for this cell.

The additional cell on the left of the exponent portion of the

register is used to indicate the underflow condition which can occur
i

when an attempt is made to normalize a number which has an all zero • 

fraction. This additional cell is set" to O when the exponent register



is loaded. The normalize-zero line of Figure 3,36 that is connected 

to this cell can be used to indicate the underflow condition to the 

global control.

Outputs from the 25 high-order bits of the fraction register and 

the seven low-order bits of the exponent register constitute the 

32 c^ output lines in Figure 3.37 which connect to the ac^ input lines 

of the cell selector unit of Figure 3.34. The a_. and b^- input lines to 

the adder-sub tractor in Figure 3.37 connect to the r_̂  read lines of 

the cell memory unit of Figure 3.31. ' ,

3.11 Cell Multiplier Unit

The cell floating-point multiplier shown in Figure 3.37 consists 

of a multiplier register A s a multiplicand register Bs an adder$ a 

product register C and normalize logic, The multiplier corresponds to M 

of Figure 3,30. As was done for the adder-subtractors the multiplier 

is shown for 8-bit floating-point numbers. Also as before, the circuits 

extend in an obvious way to the 32-bit representation

The multiplier register in Figure 3.37 consists of a 25-bit sign- 

fraction register connected as a shift register -which shifts right and 

a 7-bit exponent register. When a signal is supplied on the "mloada" 

line the multiplier register is loaded in parallel from 32 lines, 

which are connected to the 32 r_̂  read lines from the cell memory unit. 

The fraction portion shifts right when a signal is'supplied on the 

"mshifta" line. The sign bit is not included ,in the shift so the 

sign is extended in a shift. "
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Figure 3.37. Cell Floating-Point Multiplier
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The multiplicand register consists of a 49-bit sign-fraction 

register connected to shift left and an 8-bit exponent register.

Data is entered into the multiplicand register in parallel from 

32 bi lines, connected to the 32 r^ lines from the cell' memory unit, 

when a signal is supplied on the "mloadb" line. When data' is entered 

into the fraction portion of the register it is right-justified and the 

sign-bit is loaded into all of the 25 high-order bit positions 'of the 

register. The fraction portion is shifted to the left and a 0 is 

shifted into the low-order bit when a signal is provided on the 

"mshiftb" line.

The adder portion of this multiplier consists of a.string of 49 

adder cells, previously described in Section 3.3.6, for the fraction 

and a string of seven adder cells for the exponent, The cells are 

connected as parallel ripple-carry adders with a 0 supplied to the 

carry inputs of the low-order bit positions of each,

Inputs to the fraction adder come from the 49 bits of the multi­

plicand fraction register and from the 49 bits of the product fraction 

register. Outputs go the 49 bits of the product fraction register.

Inputs to ,the exponent adder come from the seven bits of the 

multiplicand exponent register and from the seven bits of the multi­

plier exponent register. Since the exponents are, in an excess-64

representation, adding the A. exponent A to the B exponent s givese e

(A + 64) + (B 4- 64) = A + £ + 64 + 64 - (C + 64) + 64.. e e e e e
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Therefore1 it is necessary to subtract 64 from the result. This is 

accomplished' by complementing the high-order bit of the exponent sum.

The product register in Figure 3.37 consists of a 49-bit sign- 

fraction register connected to shift left and an 8-bit exponent register- 

connected as a . decrementing binary counter. . :

Data is loaded .into the fraction portion of the product register 

in parallel from the 49 output lines of the fraction adder when a signal 

is supplied on the add-cycle line and when the low-order bit of the 

multiplier register is a I. If the low-order bit of the multiplier 

register is a 0 the .contents of the product fraction register is not 

changed when the add-cycle signal is supplied. t-

Data is loaded into the exponent portion of the product register'- 

in parallel from the seven output lines of the exponent adder when a 

signal is supplied on the "mloadc" line. The high-order bit is set to 0.

The normalize portion of the multiplier .includes the product 

register and-the check-for-normalize circuitry. The normalization, is 

done in the same manner as for the adder-subtractor} with the norma­

lize clock being inhibited when the conditions for normalization are 

met and with the inhibit and normalize-zero 'lines as outputs to the 

global control.

3.12 Row and Column Registers

Along the top and left edges of the array shown in Figure 3.1, 

are extensions of the global control which are used.to distribute com­

mands to and data to and from the array of processing ceils.. The unit
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along the top is logically identical to the one along the left edge 

except that it is connected to the.columns of command and data lines 

rather than the rows. Thus'it is sufficient to discuss the left-edge 

■unit.

The unit shown in Figure 3.38 contains an address decoder5 sixteen 

32-bit registers, sixteen 4-bit registers and sixteen I-bit registers. 

There is one of each of these registers associated with each row of the 

array.

The address decoder receives inputs from the global control on lines 

a^-a^ and selects one row in a manner similar to that in the cell 

memory unit. If the line d is a I all rows are selected at once.

The selected,32-bit registers may receive data in parallel from 

the global control on the 32 lines. As in the cell memory unit this 

data is not entered into the register until a signal is provided on the 

store line k. The content of the selected register is .available on the 

32 r^ lines, If the line d is a I, the result on these lines is 

the logical OR of the contents of all 16 registers. The 3,2-bit 

registers are also connected as shift registers which shift to the right 

when a signal is supplied on the shift line s. The input to the high- 

order bit of each register comes from a line-select gate controlled by 

line 'b. This gate determines if the input to the shift-register comes 

from the low-order bit of the same register if b is I or from the row 

line f^ coming from the array if b is 0. The low-order bit of the 

register goes to the line-select gate and to the line going to the . 

array.
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Figure 3.38. Row Registers
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The selected 4-bit register may receive data in parallel from the 

global control on the four g_̂  lines. The data, is not entered into the 

register until a signal is provided on the line m. The contents of the 

registers are available on the 64 lines. These lines are connected 

to the row control lines discussed in Section 3,4'on routing logic.

The selected I-bit register may receive data from the global 

control on the h line. The data is not .entered into the register until 

a signal is supplied on the line n. If the line, d is a I all registers 

are set the same. The contents of the registers are available on the 

16 e^ lines. These lines are used to select those rows of processor 

cells which will be in an active state. The 16 registers are also 

connected to form a shift-register so that data may be. shifted in from

the global control. The shift occurs when a signal is supplied on the

line p . The register associated with the first row is treated as the

high-order bit. Data is shifted from this register to the register of

the second row which shifts to the third and. so on. Data input to 

the first row register from the global control is on line x.
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3.13 Software for the KF Machine .

Instructions sequences for .the KF .machine are stored'in the global 

control unit which in itself is capable of performing all of the basic 

operations of a general purpose computer. Since the KF machine is a 

general purpose computer  ̂ it can perform any computation. .However, 

because of the array of processing cells,' computations involving matrices 

can be done much more efficiently than with a conventional general 

purpose computer.

Programs for the KF machine consist of array instructions and 

non-array instructions. Non-array instructions include those which are 

executed within the global control unit and instructions which perform 

input or output operations. Array instructions are executed by the 

array of processing cells under the supervision of the global control 

unit.

Although no formal assembly language has been written for the KF 

machine, it is expected that most programming wquld be done using such 

a language. A typical instruction for adding matrices in the assembly 

language might be ADDM 1 2 3  which would transfer data from memory 

locations I and 2 of each cell to the adder-subtractor in the cell, 

perform the addition and store the resulting sum in memory location 3 

of the cell. Other instructions are easily imagined for performing a 

full set of operations.

A set' of micro-instructions was formed for use in the. simulation 

program in Chapter 4 and is presented there. This set of instructions



is not intended to serve as an assembly language for the KF machine but 

rather as a means of controlling the' simulation at the gate level. A 

typical instruction in an assembly language for the machine would have 

the -same effect as several of the' micro-instructions 6 For example the 

matrix addition instruction mentioned above might generate the micro­

instruction sequence

• LDAA I 

LDAB 2 

SETI 0 80

ALIN . .... •

BDIB 0 02 

LDAC

SETI 0 18 '

ANOR
BDIB 0 02 

STAC 3 5

where the micro-instructions are those used by the simulation program 

in Chapter 4.

3« 14 Summary

In this chapter a design was presented -for gt specially-organized^ 

general purpose computer which is particularly efficient when performing 

matrix operations. Section 3.2 gives the overall layout of the machine> 

Section 3.4 describes the interconnection structure and Section 3.6 

shows the structure of the' cells. Detailed designs for part of the 

computer are given in Sections 3.7 through 3.12.
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Since the computer is designed for efficiency when performing 

matrix operations, those parts of the computer which are.directly 

responsible for operations on matrices .have been considered in greater 

detail than others =

The machine, consists of a macrocellular array of cells and a

central control unit, Although a 16x16 array of cells.was chosen,

there is no reason why much larger arrays of the same cells.could not be

considered. Similarly, the amount of memory chosen for each cell could
2just as well be larger, keeping in mind that for an N x Kf array, Kf 

components are added to the array for each one that is added to a cell.

Since all cells are identical, the design of one cell represents 

a large portion of the logic of the computer. Similarly since the array 

of cells comprise a major part of the computer, the cost per gate 

of the computer should be much less than for a conventionally organised 

computer. Further manufacturing and maintenance gains are made by the 

repetitious use of one circuit (a cell) throughout much of the machine..

Judging from the current status of large scale integrated circuit 

(!.SI) technology and the predictions' for future capabilities in this 

ar e a ^ ^ \  it is not unreasonable to make estimations of the possible 

hardware realizations of the proposed KF machine,. Since a single cell 

contains about 1000 logic units with approximately the same complexity as 

a shift register stage, there.should be. somewhat less than 8000 active ' 

devices in a cell. It appears that in the near future it may be possible 

to realize an entire cell of the KF machine with a single LSI package.,



However, if this is not feasible there are several logical' divisions 

of a cell which might'be made in order' to break it.into' sections which 

may be realized. For example, since about half of the logic of a cell 

is devoted to the cell memory, it might be possible to realize the memory 

in one package and the rest of the cell in another. Other divisions 

might break the cell into many sections which may be realized with 

currently available integrated circuits.

In the Kalman filter example discussed in Section 2,,.5. roughly 

80% of the computations involved" matrices. Therefore, a..-computer 

which performs matrix operations more efficiently than a. conventional 

computer should have significantly shorter execution times for this 

problem. ■

In order to compare the speed of the proposed KF machine with that 

of a conventionally structured computer, some matrix operations will 

be considered.

The addition or subtraction of two N x N  matrices requires one,
2add cycle for the KF machine compared with N add cycles for the con­

ventional computer.

A matrix multiplication of two N x N  matrices in the KF machine 

• requires N multiplication cycles, N-I add cycles and 3N shift cycles.

A shift cycle is the time required to route data a distance of one cell.

In the conventional, computer, the matrix multiplication would require
3 - 3 2N ■ multiplication cycles and N' -N addition cycles'.

Using the matrix inversion algorithm described in Section 2.4, the

KF machine would require N divide cycles, 4N shift cycles, N add cycles
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and 2N multiply cycles to invert an N x N matrix. On the other hand3
3 2the conventional computer would take N.. divide cycles*,' N -N add cycles

3 2 .and N -N +N multiply cycles'.

The above comparisons are summarized in Table 3.3.

Table 3.4. Comparison of Machine Cycles for Matrix.Operations.

Matrix Operation Machine Cycles 
for KF machine

Machine Cycles 
for conventional 
machine

Add I Add cycle 2'N Add cycles.

Subtract I Add cycle 2N Add cycles

Multiply N multiply' cycles. 
N-I Add cycles

3N Shift cycles

3
N Multiply cycles 
N^-N~ Add cycles

Invert N Divide cycles 
2N Multiply cycles

N Divide cycles 
3 2N -N '+N Multiply cycles

•' ' N Add cycles N^-N^ Add cycles

4N Shift cycles

. Most of the matrices in the Kalman filter example are 4 x 4  

matrices.. Using the' results in Table 3i3 a matrix multiplication in the



KF Machine should be performed roughly 20 times as fast as in the' 

conventional computer'. For .a 16 x 16 matrix, the ratio becomes 

.approximately 250.

Several things have not been' taken into account in the calculation 

of these rough estimates. The arithmetic units of the cells are designed 

to perform calculations rapidly without resorting to large .amounts of, 

,hardware. While they should be much faster than a Serial arithmetic 

unit  ̂ they would probably not be, as fast as the high-speed arithmetic 

unit found in most conventional computers. On the other hand, since . 

data is stored in a non-destructive read-out memory within the cells, 

the time required to transfer an entire array of data from memory to the 

arithmetic units of all cells is likely less than that required tc 

transfer a single word of data from the memory to the arithmetic unit 

of the conventional computer.

If the KF machine is assumed to be 20 times as fast as the 

conventional for matrix operations, a problem in which these operations 

consumed 80% of the computation, time would run. roughly four times as 

fast on the KF machine as on the conventional and less than 20% of the 

time would be used for the matrix operations. It is assumed here that 

the non-matrix operations are performed at the same rate in either 

machine. If the KF machine performs matrix operations ,100 times as 

fast, a problem in which these operations required-.90% of the computation 

time would run about ten' times as fast and the matrix operations would 

consume less than 10% of this time.
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4.I Simulation Program

In order to verify that the proposed array interconnection struc­

ture and cell logic will perform the operations for which they were 

intended, a detailed simulation program was written. The program was 

written in SYMBOL, an assembly language for the SDS Sigma 7 computer, 

as a subroutine to a FORTRAN mainline program. A FORTRAN subroutine 

is used for input and output operations and another SYMBOL subroutine 

is used to convert data from Sigma 7 floating-point form to the form 

used in the KF machine for input and to convert back for output.

Listings of the simulation program and associated' subroutines are 

given in Appendix B. Modifications to the design of the KF machine 

may be checked by modifying corresponding parts of the simulation 

program. A flow chart of the simulation program is given in Figure 4.1.

To initialize the simulation, all of the memory areas for the 

cells and the load-location counter, called LOADLOC, are set to zero.

The block labeled INITIALIZE in Figure 4.1 corresponds to the initial­

ization process.

The LOAD INSTRUCTIONS process indicated in Figure 4.1 is shown in

more detail in the flow chart of Figure 4.2. To lead an instruction,

L0ADL0C is incremented by one, a card containing the instruction is

read and a copy of the card is first displayed on the line printer.

It is then stored on a random access disc, using L0ADL0C as a record
.

address on the disc. • A disc is used in the simulation as the program
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read instruction 
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I LOADLOC = L0ADL0C + I
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Figure h.2. LOAD INSTRUCTIONS Flov Chart
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storage memory of the global control unit in order to conserve core 

storage for other program data. After the instruction has been stored 

it is checked to see if it was the last instruction. A dollar sign 

($) in the first column of an instruction card signifies that it is 

the last card.

When all instructions have been stored on the disc, the execution 

begins. The execution location counter, called EXCLOC, is-first set 

to zero as indicated in Figure 4.1.

Figure 4.3 shows a flow chart corresponding to the FETCH 

INSTRUCTION block of Figure 4.1. To begin the execution of an 

instruction, EXCLOC is incremented by one, and the instruction is read 

from the disc using EXCLOC as a record address oh the disc. Once read, 

all blanks are removed from the instruction and it is left-justified 

in the instruction buffer. If the instruction just read is the last 

instruction, the simulation is terminated.

As indicated in Figure 4.1, the instruction is compared with 

each of the list of non-array instructions shown in Table 4.1. If the 

instruction is found in the list the simulation program branches to 

a routine which executes the instruction. There is a separate routine 

for each of the non-array instructions. As an example of a non-array 

instruction, consider the branch instruction. To execute a branch 

instruction, EXCLOC is modified by the amount specified in the instruc­

tion. Thus, the next instruction to be read from the disc will come



-125-

heg I n

EXCI.OC EXCLOC + I

get instruction 
from disc

left-justify 
instruction in buffer

last ^  
instruction?/

stop ) 
simu Iati on <

Figure 4,3, FETCH INSTRUCTIONS Flow Chart
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Table 4.1. Non-Array Instructions Used in Simulation.

Instruction 

DUMP X Y 

INVR X 

INVC X 

RBON 

RBOF 

GBON 

CBOF 

GLON 

GLOF .

RION

CION

RIOF

CIOF

TRON

TROF

BDIB X YY

BFWD XX

BBAK XX

SETI X YY

Purpose

Dump memory location (X4Y),

Invert row buffer X.

Invert column buffer X.

Set the row register feedback line to I.

Set the row register feedback line to 0.

Set the column register feedback line to I.

Set the column register feedback line to 0. •

Set the global routing control line to.I.

Set the global routing control line to 0.

Set the row input control line to I.

Set the column input control line to I.

Set the row input control line to 0.

Set the column input control line to 0.

Set the transpose control line to I.

Set the transpose control line to 0.

Decrement index X 5 if result is not greater than 

zero5 branch back YY instructions.

Branch forward XX instructions,

Branch back XX instructions.

Set index X to the value YY.
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Table 4.1. (Continued).

BDZF XX If done line is zero branch forward XX instructions

BDZB XX If done line is zero branch back XX instructions.

RCON-X Y ' Set routing row control X to the value Y .

R C M  X Set all routing row controls to the value X

CCOM 1X Y Set routing column control X tg the value Y.

CCAM X Set all routing column controls to the value X.

INRO . Input data to the row buffers-.

OURO Output data from the row buffers.

INCO Input data to the column buffers.

OUCO Output data from the column buffers.

$$$$ Stop.
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from the location specified by the new EXCLOC. When the execution of 

a non-array instruction is complete, the simulation returns to the 

FETCH INSTRUCTION procedure as shown in Figure 4.1.

If the instruction is not found in the list of non-array instruc­

tions, the list of array instructions shown in Table 4.2 is scanned.

If the instruction is found in this list the procedure .labeled 

EXECUTE ARRAY INSTRUCTION in Figure 4.1 is entered. If not, an error 

indication is given and the simulation skips to the next instruction.

A flow chart for the EXECUTE ARRAY INSTRUCTION procedure is given 

in Figure 4.4. The first step in this procedure is to obtain a word 

of data containing control line settings corresponding to the instruc­

tion to be executed from Table 4.3. The arguments•associated with 

the instruction are merged into this word and the result is stored 

in a word called CONTROL. The first argument ig then stored in ADDRESS. 

At this point the global routing control line, called■GLOBAL, is tested 

to determine if row, called ROWCOM, or column, called C0LC0M, control 

lines are to be used for routing. The routing control lines for each 

cell, called CELLCOM, are then set to the appropriate values.

If the instruction being executed is a routing instruction, the 

interconnection structure simulation is now performed as shown in 

Figure 4.4. If not, the program skips ahead to the processor cell

scanning portion.
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Table 4.2. Array Instructions Used In Simulation.

Instruction 

LDRA X 

LDRB X 

LDAA X 

LDAB X. 

LDAC 

LDMA X 

LDMB X 

LDMC 

STRA X 

STRB X 

STAC X . . 

STMC X 

ALIN 

ZERC 

MADD 

ANOR 

SUBT 

MNOR 

SFMA

Rurpdse

Load routing A register from memory location X. ■ 

Load routing B register from memory .location X. 

Load adder A register from memory location X.

Load adder B register from memory location X.

Load adder C register (add),

Load multiplier A register from memory location X. 

Load multiplier B register from memory location X. 

Load multiplier C register (add exponents).

Store routing A register in memory location X, 

Store routing B register in memory location X. 

Store adder C register in memory location X. . 

Store multiplier C register in memory location X. 

Pulse the adder alignment clock.

Clear multiplier C (fraction) register 

Pulse the multiplier add cycle-clock.

Pulse the adder normalize clock.

Load adder C .{register (subtract) .

Pulse the multiplier normalize clock.

Shift the multiplier A register right'.'

Shift the multiplier B register left.'SFMB
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Table 4.2. (Continued).

SliAB Shift multiplier A and B registersi

RTAO Pulse routing A register clock.

RTBO Pulse routing B register clock.

Pulse routing A and B register clocks.RTAB
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Table 4.3. Array Instruction Control-Line Settings

Control Iiines

Instruction

SELO
SELl 
STORE 
'AR TLOAD 
ARCLOCK 
BRTLOAD 
BRCLOCK 
TEMP

ALOADA 
ALOADB 
ALICE 
ALOADC 
. ASLIEE 

EORiMCLK 
MLOADA 
MSHIETA

MLOADB 
• MSHIFTB 

MLOADC 
ZEROMC • 
MADDCYC

■ Imnormclk

LDIA 00010000 00000000 ooooooLDRB 00000100 00000000 . oooooo
LDAA '00000000 10000000 oooooo
LDAB 00000000 01000000 oooooo
LDAC 00000000 00010000 Q00000
LDMA 00000000 00000010 oooooo
LDMB 00000000 00000000 100000
LDMC 00000000 00000000 doiooo
STRA 00100000 00000000 oooooo
STRB 01100000 oooooooo oooooo
STAC 10100000 00000000 oooooo
STMC 11100000 oooooooo oooooo
ALIN 00000000 00100000 ' oooooo
ZERC 00000000 oooooooo 000100
MADD 00000000 oooooooo 000010
StJBT 00000000 00011000 oooooo
AEOR 00000000 00000100 oooooo
MEOR 00000000 oooooooo QOQOOl
SFMA 00000000 00000001 oooooo
SFMB 00000000 oooooooo 010000
SMAB 00000000 00000001 OlOOOO
RTAO 00001000 oooooooo oooooo
RTBO 00000010 oooooooo oooooo
RTAB . 00001010 oooooooo QOOOOO
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To simulate the interconnection structure, two auxiliary data blocks 

celled INBIT and OUTBIT are used. These blocks each have $44 bits of 

storage in the format of Figre 4.$ where A represents bits associated

B C
0 255 256 '5 1 1 512 527 528 543

Figure 4.5. Format for INBIT and OUTBIT Blocks.

with the routing A registers of all cells in row precedence ,order, B

represents bits associated with the routing B registers in row precedence

order, C represents bits associated with the row buffer routing registers

and D represents bits associated with the column buffer routing registers.

The INBIT block represents those bits which appear as inputs to the

corresponding routing registers. The QUTBIT block represents those bits

which appear as outputs from the corresponding routing registers.

Since it is possible for the routing registers, themselves , to be

by-passed in some cells, the INBIT and OUTBIT blocks do not necessarily

represent bits which would be shifted in or out, respectively, of the

registers. For this reason it is necessary to take special action to 
■

account for the by-passed cells, as will be seen later,

A flow chart for the INTERCONNECTION STRUCTURE SIMULATION is 

given in Figure 4.6.
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Figure h.6. INTERCONNECTION STRUCTURE SIMULATION Flow Chart
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The first step in Figure 4,6 is to set the output' bits of the 

row and column buffers. Since- these registers cannot be. by-passed, 

the output bits are just the low-order bits of the registers.

Next, the input bits for the row and column buffers are set.

The source for.the input bits depends only on the value of the 

transpose control line, called TR M S P , the row buffer feedback line, 

called ROWBACK, and the column buffer feedback line, called COLBACK. 

ROWBACK and COLBACK determine if the inputs to the row.^nd column 

buffers are to come from the array or are to be fed back from the 

outputs of che row and column buffers themselves. If.the latter is ■ 

the case, data will just cycle within the registers of the. row and 

column buffers as the routing is performed. The input bits are set 

by selectively transferring bits from the OUTBIT block to the INBIT 

block according to the values of TRANSP, ROWBACK, and COLBACK.

The next step is to form new two-bit variables ACON and BCON by 

combining TRANSP with ROWINP and COLINP respectively. ROWINP and 

COLlNP indicate whether or not data are to be transferred from the 

row or column-buffers to the array in a routing operation. ACON and 

BCON will be used later,

As shown in Figure 4.6 the input bits for all routing registers 

are to be set now. All of the cells are scanned to do this. The first 

step in the scanning loop is to find the input bit for the routing A 

register. ACON along with CELLCOM for the current cell arc used,, with
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the exception of the by-pass bits of CELLCOM, to determine which of 

four interconnection configurations is to be used to find the input 

bit for the routing A register. After determining the configuration 

to be used, the input bit is found by using the appropriate routine 

of ACONFIGO, ACONFlCl, AC0NFIG2 or AC0NFIG3. The purpose of these 

routines is to■set up a bit address, called BITADR, which.indicates 

which bit in INBIT is to be the input. Since this address is a 

function of the location of the current cell within the array, it must 

be calculated within the cell scanning loop, Once the address has 

been determined another bit address, called TOADR, representing the 

position of the current cell is generated. A routine called MOVEBIT 

is then used to move the bit of OUTBIT specified by BlTADR to the bit 

position in INBIT specified by TOADR.

A similar procedure is then used to find and set up the input 

bit for the routing B register, except that BCON is used to determine 

the configuration and one of the routines BCONFlGO,. BC0NFIG1, BC0NFIG-2 

or BC0NFIG3 is used to find the bit address of the input bit.

: Once the input bits have been set up this way, the problem of

by-passed cells is resolved. Using the by-pass bit from'CELLC0M, the 

cell output bits are either left alone, if the cell is by-passed, or 

modified, if the cell is not by-passed. If the cell is to be by-passed 

a bif address, again BITADR, corresponding to the cell address is set 

up. A routine called GETBIT is used to get a bit from the hit position



in INBIT specified by BITADR and a routine called SAVEBIT is used 

to place the bit in the corresponding bit position in OUTBIT, thus 

by-passing the register. This process is done first for the routing 

A register then for the routing B register as shown, in Figure 4.6.

This terminates the cell scanning loop. Now the entire process. 

starting with the setting of the input bits for row and column 

buffers > is repeated for a total of 16 times. This allows bits to 

propagate through 16 by-passed cells. It should be recognized that 

if a cell is by-passed, cells which use its output as their input will 

not receive the correct bit if this is not done.

Referring back to Figure 4.4, the next step in the execution of 

an array instruction is to scan the processor cells. The flow chart 

for this procedure is shown in Figure 4.7.

The PROCESSOR CELL SCANNING procedure scans through the processor 

cells one at a time simulating the cell components„ For each cell 

the data is moved from a large data block, called ARRAY„ to an area 

used by the cell currently being simulated. Part of the data is 

stored 32 bits per word of Sigma 7 memory to conserve memory space 

but is expanded to one bit per word for ease of manipulation in the 

simulator. The data for a cell is expanded at- the beginning of the

simulation for that cell.
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The next step in the cell simulation as indicated in ,Figure 4.7 

is the setting of control lines. The variable called CONTROL is ex­

panded to one bit per word to set all of the cell control lines.

The set of control lines and their use is given by Table 4.4. It 

should be noted that several of these lines may be set at once'. Thus $ 

for example, it is possible.to shift two registers of a cell at the 

same time. • , .

The CELL SELECTOR unit is now simulated as shown in the flow 

chart of Figure 4.8. SELO and SELl are used to select.data for the 

memory write lines, called WLINE, according to Table 4.5.

The next step in Figure 4.7 is the CELL MEMORY UNIT SIMULATION. 

This routing shown in Figure 4.9 stores the data on the WLINE in the 

cell memory location specified by ADDRESS if STORE = I. The data in 

the specified cell memory location is stored in the word representing 

the memory read lines, called RLTNE.

Figure 4.10 gives a flow chart for the CELL ROUTING UNIT SIMULA­

TION of Figure 4.7. The first step in this routine is to lead the 

routing register from the RLINE if ARTLOAD = I. Then the routing B 

register, called RBREG, is loaded from' RLINE if BRTLOAD = I. New 

values of output bits for the registers are set in OUTBlT using the 

SAVEBIT routine. ■ If ARCLOCK = I and the register is not' by-passed 

the routing A register is shifted right one bit using the appropriate 

bit from INBIT obtained using the GETBIT routine.. The. new output bit
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Line

SELO

SELL

STORE

ARTLOAD

ARCLOCK

BRTLOAD

BRCLOCK
ALDADA

ALOADB

ALIGN

ALOADC

ASLINE

NORMCLK

MLOADA

MSHIFTA

MLOADB

MSHIFTB

MLOADC

ZEROMC

MADDCYC

Purpose

First selector control.

Second selector control.•

Memory store.

Load routing A register.

Shift routing A register. ■

Load routing B register.

Shift routing B register.

Load adder-subtractor A register.

Load adder-subtractor B register. 

Adder-sub tractor alignment cloclc.

Load adder-subtractor C register.

Add/Subtract select line. 

Adder-subtractor normalize clock.

Load multiplier A register.

Shift multiplier A register.

Load multiplier B register..

Shift multiplier B register,

Load multiplier C (exp) regisrer-.

Clear multiplier C (fraction) register 

.Multiplier add cycle clock.

Multiplier■normalize clock.

Table 4.4. Cell Control Lines.

MNORMCLK



Table 4.5. Cell Selector Control Line Table

SELO SELl Data Source

0. 0 Routing A register

0 I Routing B register

I 0 Adder-Subtractor C register

I I Multiplier C register
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Figure L.8. CELL SELECTOR UNIT Flow Chart

STORE I

MEMORY(ADDRESS)
L .. - .1»• -r ... • -- 3 v...' - ~ - W  XTT W S W

. V V A / ,  v. .... « . - M W W  • - . • - ....   —  W - .

I RLINE = MEMORY(ADDRESS)]

Figure 1|,9. CELL MEMORY UNIT Flow Chart



-IltT-
b e e  I n

R T L O A D

R T L O A D

RLIME

by-passed^

SAVEBIT >- s h i f t  R A R E G

by-passed’

\ iMf : i ;

SAVEBIT - shift RBREG

Figure 4.10, CFLL ROUTING UNIT Flow Chart



-148-

is set in OUTBXT using the SAVEBIT routine. Similarly the.routing B 

register is shifted right one bit if BRCLOCK = I and the register is 

not by-passed.

As shown in figure 4.7 the next step in the simulation of the 

cell components is the CELL FLOATING-POINT ADDER-SUBTRACTOR SIMULATION. 

This simulation is described by the flow chart of Figure 4.11. The 

adder-subtractor A register is loaded from KLINE if ALOADA = I 9 and 

the B register is loaded from RLINE if ALOADB = I. If -ALIGNA = I, 

the A and B exponent registers are compared and if they are not equal; 

the smaller one is incremented, and its corresponding fraction 

register is shifted right one bit. If LOADC = I, the sum, if ASLTNE = 0 

or the difference, if ASLINE = I, of the A and B fraction registers is 

loaded into the C fraction register and the B exponent register plus . 

one is loaded into the C exponent register. If the normalize conditions 

are not satisfied by the contents of the C register and NORMCLK = I, 

the C fraction register is shifted left one bit. and the C exponent 

register is decremented by one.

The last cell component to be simulated is the CELL FLOATING-POINT• 

MULTIPLIER as indicated in Figure 4.7. A flow chart for the multiplier 

simulation is given in Figure 4.12. The multiplier A register is loaded 

from RLINE if MLOADA = I, and the B register is loaded from RLINE if 

MLOADB =1, If MSHIFTA = I the A fraction register is shifted right 

one bit. Similarly, if MSHlFTB -- I the B fraction register is shifted
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Figure 4.11, CELL FLOATING-POINT ADDER-SUBTEACTOP Flow Chart
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MC(oxp) = MA(exp) + MB (exp) -• 64

Figure 4.12. (Continued)



left one bit.and a zero is stored in the low-order bit.position. The 

C fraction register is cleared to zero if ZEROMC = I. For the add 

- cycle of the multiplier, if MADDCYC = I3 and the low-order bit of 

the A fraction register is I, the sum of the C fraction register and 

the B fraction register is placed in the C fraction register. For the 

exponent portion of the numbers, if MLOADC = I3 the sum of the A 

exponent register and the B exponent register is loaded into the C 

exponent register and the high-order bit is complemented. ;If the con­

ditions for normalization are not satisfied by the contents of the.

C register and if MNOKMCLK = I, the C fraction register is shifted 

left one bit and the C exponent register is decremented by one.

The cell simulation is now complete for the current cell. Data 

which were expanded previously to one bit per word are now compressed 

back to 32 bits per word.

'When the last processor cell has been simulated the simulation 

program returns to the FETCH INSTRUCTION block of the flow chart of 

Figure 4.1.

It should be noted again that in the adder-subtractor and multi­

plier as well as other cell components the adding, shifting, comparing 

and other operations are done at the gate level. Thus, any desired 

circuit changes in•these units should be fairly easy to implement in 

the■logic simulation program.
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4.2 .. Sample Run of Simulation Program

This section describes a sample run, of the KF machine simulation 

program discussed' in Section 4.1. The sample is intended to demon­

strate both the'routing and the arithmetic portions of the machine. 

Since all cells are Identical, the.' simulation program .was modified so 

that arithmetic operations were simulated in only one'cell of the 

array. The cell in the last row and the last column was used.

Table 4.6 gives the sequence of instructions for this run. The. 

function of each of the instructions may be found either in Table 4.1 

or in Table 4.2. The purpose of the sequence of'instructions is as 

follows. (I) Set up the routing control lines so that data may be - 

transferred from the two buffers to the last column of the array, by­

passing all other columns. (2) Read data into the row buffers. (3)

Transfer the data to the cell in the array in which the arithmetic 

operations are to be simulated. (4) Store this data in cell memory 

location 0. (5) Repeat steps 2 and 3. (6) Store the new data in cell

memory location I. (7) Load data from cell memory location 0 into the 

adder-subtractor A register. (9) Align the adder-subtractor A and B 

registers. (10) Add and normalize the result in the adder-subtractor 

C register. (11) Store the result in cell memory location 2. (12)

Repeat steps 7, 8 and 9. (13) Subtract and normalize the result in the

adder-subtractor C register. (14) Store the result in cell memory
.

;
location 3. (15) Load data from cell memory location 0 into the

multiplier A register. (16) Load data from cell memory location I
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Table 4.6. •Instruction Sequence for Sample Simulation Run

RBON ALIN LDMB I STMC 5
CCAM 8 BD 18 0 02 LDMC RBOF
CCOM F 0 LDAC SETl 0 31 LDRA 2
GLON SETI 0 18 MADD LDRB 3
RI ON " ANOR SMAB SETI 0 20
INRO BDIB. 0 02 BDIB 0 03 RTABSET I 0 20 STAC 2 SETI 0 18 BDIB 0 02RTAB LDAA 0 MNOR OUROBDIB 0 02 LDAB I BDIB 0 02 OUCO
STRA 0 SETI 0 00 STMC 4 LDRA 4i N Ra ALIN LDMB 0 LDRB 5SET! 0 20 BDIB 0 02 LDMA I SETI 0 20RT ab: SUBT SET I 0 31 RTAB
BDIB 0 02 SETI 0 18 SETI 0 31 BDIB 0 02
STRA I ANOR SMAB OURO
LDAA 0 .BDIB 0 02 SETI 0 18 OUCOLDAB I STAC 3 MNOR
SETI 0 80 LDMA 0 BDIB. 0 02

Table 4.7, Output from Sample Simulation Run
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Into the multiplier B register, (17)- Multiply and normalize the result 

in the Multiplier C register'. (18) Store the result in 'cell' memory 

location 4. (19) Load data from cell memory location I into the multi­

plier A register. (20) Load. data.from cell memory location 0 into the 

multiplier's register. (21) Multiply and normalize the.result in the 

multiplier C register. (22) Store the result in cell memory 

location 5. (23) Set up the routing control lines so that data may

be transferred from the array to the row and column buffers. (24) Load 

data from cell memory location 2 into the routing A register. (25)

Load data from cell memory location 3 into the routing B .register.

(26) Transfer the data from the cell in the array in. which .the arith­

metic operations were simulated to the row and column buffers. (27) Out

put data from the row and column buffers. (28) Load data from cell 

memory location 4 into the routing A register. (29) Load data from 

cell memory location 5 into the routing B register. (30) Repeat 

steps 26 and 27. (3l) Stop.

The input data for1this sample run consisted of two column vectors.

Since the arithmetic operations were simulated in only one cell of the

array, all but the last component of each vector was zero, The last

• component of the first vector was 2,5 and that of the second was -1.5.

The output from the sample run is shown in Table 4.7, This output

consists of four vectors.which represent the sum, difference and two
t '

products of the input vectors. ■ 'Two products were taken .to illustrate 

that the multiplication of signed numbers does not require that the
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numbers be multiplied' in any particular order. That is, either the 

multiplier'or .the'multiplicand or both may be negative,.'

4.3 Results from the" Simulation Studies

Using the' simulation program, all parts of the KF machine which ' 

have to do with matrix operations were simulated. These., include the 

array of processing cells, the interconnection structure and the row 

and column registers. The global control unit was not simulated 

because it performs conventional general purpose operations identical 

to those, found in existing computers. However, some of the functions 

of the global control were simulated in effect if not in fact. The 

tasks of fetching instructions, decoding them, executing non-array 

instructions and setting control lines for array instructions are per­

formed,, but the actual logic which would be required to do these things 

was not simulated.

Various runs of the simulation program were made, performing 

operations such as matrix rotation, column interchange and transpose. 

These runs verified that the proposed interconnection structure and 

associated routing logic does perform these operations as expected. The 

same runs also verify the operation of the row and column registers, 

because these are used in conjunction with the routing system.

In other runs of the simulation.program, sequences of instructions 

were used which confirmed that all of the parts of the cells functioned 

properly. Data were transferred'to and from the cell memory and the 

cell registers and the arithmetic operations; add', subtract and multiply



were performed. The sample run which was discussed■in Section 4.2 serves 

to verify these operations and to demonstrate the' use" of., the' instructions 

for the simulation program. The simulation program, also allows se-' 

quences'of the instructions to be. checked for programming errors.

Since the simulation program, represents the operation of the 

array portion of the KF machine at the gate level, variations on the 

logical design and the system organization may be checked without 

hardware realization. If, for example, it was desired to consider a 

different design for the cell multiplier; all that would be necessary 

would be to modify that portion of the simulation which simulated' the 

multiplier. Such a modification to a hardware realization of the ' 

machine would require the modification to be made in every cell.

Since every gate is simulated for each cell of the array, and 

since inherently parallel operations are difficult to simulate directly 

in a serial fashion, the simulation program is unusually slow. In 

order to overcome this problem the program is capable of being modified 

so that only one cell is simulated. When this is done it is necessary 

to by-pass the cells of all but the last row or column when doing routing 

operations, This is because the routing portion of other cells will not 

be simulated. By-passing the cells can be done because this operation 

is done in the interconnection simulation which is independent of the 

cell simulation.
;

The simulation process could' be speeded up SQin.ewhat by replacing 

the detailed simulation of the interconnection structure 'and some of
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the logic by a simulation which performs the same operations but not 

at the gate level. This could also.be. done'for new sections of the 

simulation once they have proved'to work properly.

-159-



Chapter 5
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5.I Introduction ■ .

The' problem considered'in this thesis is the design of a specially 

organized, general-purpose computer .which is able to perform any 

computation as is a general purpose computer but is highly efficient 

for operations which involve matrices = 'The general-purpose feature 

of the computer would allow it to be adapted to fit a variety of 

problems, The computer would probably be most appealing in situations 

where high-speed operation is required but where cost:and size require­

ments prevent the use of special-purpose or high-speed general-purpose 

computers,

5« 2 Kalman Filter Example

One application for such a computer is the class of problems which 

involves the use of the discrete Kalman filter. Since the discrete 

Kalman filter has many matrix operations, this algorithm has been 

chosen to serve as an example of the type of problem for which the 

computer is intended to be efficient. However, othep applications 

involving matrix operations would be just as reasonable.

5.3 Cellular Computer

Based on previous work on.microcellular and macrocellular arrays, 

the proposed computer consists of a two-dimensional, square array of 

processing cells and a global control unit. The global control unit 

contains a memory for storing instructions and data, an arithmetic
's : ' " '

unit and control circuitry for the array of processing cells, Instruc­

tions are obtained from the memory of the global control unit and
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execute d, The execution of an instruction is done either within the 

control unit or by the array ..of processing cells under' the supervision 

of the' control unit.'

The processing cells, themselves, are each small computers which

share the instruction decoding and.control'of the global control unit.

TVhen instructions are executed in the array of processing cells, all

cells receive the same set of control signals and execute the same

instruction, although each cell operates on its own set of data.
thMatrices are stored in the array of cells with the ij ,element of a ■

. thmatrix being stored in the- ij cell of the array.

The processing cells each have a memory for storing sixteen 32- 

bit words, a floating-point adder-subtractor, a floating-point 

multiplier and logic for the routing of data to and from the cell.

Cells are connected in the array with a uniform interconnection 

structure which-:allows data to be transferred to and from the array 

through a set of buffer registers which connect the edges of the array 

to the global control unit. Matrices which are stored in the array 

may be rotated, skewed or transposed using the interconnection structure. 

Operations such as row interchange are also possible using this struc­

ture . -

Since all processing cells in the array process data simultaneously 

when performing matrix operations, significant improvements in'speed over 

conventionally.organized computers may be achieved with the cellular 

computer. The'multiplication of two 16 x 16 matrices', for example, is
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about 250 times as fast in the cellular computer as .in a conventional 

computer'with", a similar clock rate.

Each processor cell contains about 1000 logic units with approxi­

mately the same complexity as a shift register stage.. In the near 

future it may be possible to realize a processor cell with .a single . 

LSI package. Since a major portion of the computer would' consist of 

these identical packages, the cost per gate of the cellular computer 

should be considerably less than for a conventional computer.

'5.4 Simulation Program

The cellular computer was simulated on a conventional general 

purpose computer. The simulation verifies that the logical design and 

the machine organization of the cellular computer work. It also allows 

modifications in the.design of the computer to be tested without making 

actual hardware changes. The’ simulation also provides an example of 

the types of instruction sequences which may be written for the cellular 

computer.

5.5 Future Work'

Before a complete hardware version of the cellular computer is

attempted, several areas deserve further attention.

One of these areas involves the choice of data representation

within the computer. Although some representations other than the

32-bit floating-point representation were considered, no detailed
= .

study was made of the effects of using them. Such a. study would involve 

a ■comparison of the effects of several fixed-and floating-point repre­

sentations on the amount of logic required for the arithmetic units
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and the effects on the operating speed of the computer. .. Included in 

this study would be. the.effects of variations in the'word size.

Other algorithms for, .the'manipulation of matrices need to be 

considered,' Among these would.be several: matrix inversion algorithms.

Of particular interest is the'effects of other algorithms on the inter­

connection and arithmetic structures of the computer.

Since the slowest operation in the cells is the multiplication, 

further study in the design, of high-speed arithmetic units is in 

order. Other operations may also be improved. The routing, for example, 

may be done in a parallel-by-byte fashion with some additional circuitry.

An assembly language should be developed for the computer and 

linked to the simulation program. A complete Kalman filter problem 

should be programmed in this assembly language so that frequently used 

operations could be examined for possible further gains in operating 

speed,

A complete cell and its associated control circuits should be 

constructed of available integrated circuits to determine the feasi­

bility of producing a hardware realization of the entire computer.



Appendix A

KALMAN FILTER EXAMPLE 

COMPUTER PROGRAM LISTING



Y T f A t  V U A - r / ; ,  \ r . a v m  a / .^n  ̂  . ; ' - S ‘ /
2 XACT(4),Tc-MP(4,4! 
LOGICAL IF-4321 READ 1OCO, MANY 
-FAD 1.000, TNOR 
TO(MA^Y)??,99,321 321 MANY=^ANY+!
U ( U = C *
U(S)=O.

C SET Q TS o
Dn 2323 1=1,4 
Ci- 2323 J= 1,4 2323 Q(I,j)=0,

C g e n e r a t e ide nt i ty MATRIXDC 9000 I=1,A 
DO 9029 J=l,4 

9CR9 Ll(I,J)=0.
9090 MT(IfI)=I.

READ STANDARD DrviATIQN CF BEARING ERROR

3(1,91=0-
0(2,15=0*
G(2,2)=STDEk*ST0E%
9 (1,1) =STriEV^STDFV/ ( 57.295780*57«P957S0 5

GENERATE PHI AND READ P MAjRICFS 
DC 30CC 1=1,4

READ 1001,$TDEV,$TDEW 
PRINT 1020, STDEV 
PpINT 1019, cTDE W

C
C (I,U=STDr. W^STDru
T = 2 SET TIME INCREMENT

-TNrRATE Q AND R COVARIANCE MATRICES

C

-9
9T
-



FHI(T-J)=O.
2000 GAMMAfI#J>=0*
3000 PHI(TfI)=I,PHI(V P )=T 

pur(p/4)=T 
DC 2CO.I 1=1,4

2001 READ 1025/(P(I,J), J=l,4)
C GENERATE GAMKA MATRIX

GAMMA (1,1) =T':*2*,5 
GAMMAf2,I)=T 
GAMMA(3,2)=T*-*?*-,5 
GAMMA ( 4/?)•- T

c g e n e r a t e new q as g am m a * o * g am m a t ra ns p os e
oe 777 1=1,2 
DO 777 J=I,4 
CGAM(IfJ)=Qe 
Dr- 777 K = I ,2777 QSAM(I,J )=OGAM(I,J 5+G<I,K )*GAMMA(J,K )
DO SR? !=1,4 
Dr- SSR J= I, 4 
Q(IfJ)=C- 
D0 S-P K=;,2SS3 G(Jfw)=Q(IfJ)+GAMMA (IfK)#QGAM(K,J)

C REAC FIRST ESTIMATE CF X STARREAD 10CI,(XSTAR(T),I=1,,;)
C READ INITIAL X 33S AND X T

"LAD ICOlf(XSKS!:),1*1,4) 
cEAD 1001,(XT(I),1=1,4)
CP 2707 J= I/4

2707 XAcT(J)=XT(J)-XQBS(J)
PRINT 7000,XQBS 
PRINT 700If yT

oa 2000 j=i,%

-1
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9RINT 700Z, XACT PPINT I OOP, XSTAR
C CALCULATE ACTUAL RANGE, S'ECO AND COURSE

RACT=SGRt (XACT:I)**2+XACT(3)>*2)
ESACT=SfiRT(XT(E)*sP*Xt ( 4 ' * * 2 )
TS(X~(2))75C0,7501,7501 

7500 SEx:-. = O,
Gf' TO 7502 

7531 SEXl=I.7502 TF(XTU))7503,7504,7504
7503 SEXS=O,

GO TO 75057504 SFX3=1,
7505 CACT=ATAN{XT(S)/XT(4))*57,235780 

I +1S O » *(1«"SEX1*SEV3)*(1*+SEX3)PRINT 7550,RiCT,ESACT,CACT 
PRINT 7560,U 
PRINT 756?
D9 7580 1=1,47580 PRINT 7570,(R(I,J),J = I,4)
09 1234 ITS=c,XANv 
ITSM=ITS-I
Ir=ITSM-I NCR*(ITSvVINCR)IFF=.TRUE,
IE<IF,[3.0)IFF = ,FALSE,

C CALCULATE X h AT AS
C =HI * XSTAR - GAMMA*U

DO 4 1=1,4 
XHAT(I)=0.
DO 3 K=l,4

3 XHAT ( T ) =XFAT ( I )+pHI < I X ) *XSTAR (K >
Dcs 4 K = 1,2

4 XHAT ( I ) =XHAT ( I ) - GAMMA ( I,K ) >U( !< 5
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C COMPUTATION Pr ZHAT 
(XHAT(I))SlO,511,511

510 BEXlsCe 
Gct Te 512

511 SEXl=I.53 2 IF(XHATO) > 513,51.4,514
513 SEX3=0.

CC Tfj 315
514 SEX3 = I•
515 A' SlE = ATANtXMAT(I)/XHAT(3))*57*295780 

I +1S0,*(1.-SEX1*SEX3)*(1.+SEX3)
ZHAT=ANGLE

CALCULATE NEW X T
Dr- 466 1 = 1,4 

■666 XtiLD ( !'=XT(I)
DO 83-4 1=1,4
XT(I)=0*
DC 667 J= I,4

667 XT ( I)=XT(I Jh-dH K  I, JdXOLD(J)
CO Te 8354 
Cg 668 J = I,2

66S XT(T) =XTd ) -GAMMAt I, JdGNSISE ( , 12345567 dS^DEW 
8354 CONTINUE

C CALCULATE N[W X GSS
DG 64D 1=1,4669 XGLD(I)=XGBS(I)
DG 670 1=1,4 
XGSS(I)=C,
DC 671 J=l,4

671 XOQSt I 5 =XGBSt I)+PHI(I,J)*XGLD(J )
DG 670 J= I,2

670 XGBS ( I ) =XPBSt I ) +GAMMA ( !,JdU(J)
c a l c u l a t e a c t u a l xp

-6
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D p- £7?
672 XACT(J)=XT(J)-XSBS(J '

IT(ITS,ES,0002)I FF = ,FALSE.
IFC ITS,EQ,01-2)tff =.FALSE,
TFf ITS.ER.0176)IFF=.FALSE.
IltU  TS ,EQ,0327 ) IFF ,FALSE*IFdTS9FR,0377 ! IFF = ,FALSE.
IF(ITS,EQ,0502!If f =,FAl SE,

ITS.EQ,05285 IFF = »FALSE«
IF(ITS,EQ.0602IlFF=,FALSE•
Ir UTS, ER. 151) Ge 73 9933 
IF(ITS.ES,176)09 TO 9933 
:F(%TS.EQ.326)08 T@ 9933 
TF( ITS,FR.376)00 TO 9933 
IF<ITSfER,501)G5 Te 9933 
!F(I Tg9ER.526)09 tO 9933 
IF (US, ER *527) G9 TO 9933 
IF (ITS.ER.6015 G3 Te 9933 oe To 9034

9933 IrF=-FALSE•
READ 1001/U

9934 CONTINUE
c generate actual target true bearing

Ir (XACTU) ) 520/521/521
520 SEXl=C.

GO TO 522
521 SEXl = I,
522 IF(XACT(3)) 523,524,524
523 SEXS = C *

36 TC- 525524 StXS=I,
525 ANGLE=ATAN(XACT(I)/XACT(3))>57.295780 

I d80.*(l.-SEXl*SEX3)*<l.*S£X3)
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Za g t=Angue
C COMPUTE OBSERVED TARGET BEARING

ZNB ISY = A\'GLE+GN0ISE ( . 3 2345567 ) *STDEVC GfNe RATE new H TRaNSF8R!iAtionI?(XWAT(B))8002f800i,BC02
8CC1

Ge Te aoo?
8002 H(l,I)=XRAT(35/(XWAT(3)*»2+XHAT(l)**2)
3003 H(US)=O.

IFfXHAT(I))8005,8004,8005 
8004 H(UG)=O'GO TO 8006
8905 H (1,3)=-XHAT(I)/(XHAT(35 **2+XHAT(I)**2) 
8006 H (1,4)=0*

C CALCULATE NEW GAIN MATRIX
CALL EMTRAN(PH I,4,4,PHI T )
CALL EMPROD(p,PH7T,4,4,4,TEMP)CALL EMPRciO (PH U  TEMP, 4, 4, 4, TEMPI )
CaLL Em ADD(TEMPI,0,4,4,Pm I)
CALL EMTRAN(H,I,4,HI)
CALL EMPROD ( pM U  HT, 4, 4, I, TEMP)
CALL EMPRODtH,TEMP,I,4,U T E M P i )
GAINI = U /(TEMPI(I,I)+R(I, I) )
DO H O  1 = 1,4

H O  G(Hl) =TEMP( I, I )*3AIN1
CALL EMPR0D(G,H,4,1,4,TEMP)
DB H l  1=1,4 
Dq 111 J = U 4 

111 TEMP(I,J )=-TEMP(I, J 5
CALL EMADD(HI,TEMP,4,4,TEMP)
CALL EMTRAN(TEMP,4,4,TEMPI)
CALL EmPRBd !PMI,TEMPI,4,4,4,TEMPS)
CALL EMPRBD (TEM-1, TEMP2, 4, 4, 4, TEMPI )
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CALL EMTRAN (Cv 4/I, TEMP)
CALL FMPRPD(C,TEMP,I, 1/4/ TEMRg)
C aLL EMpRSO(G/TEm P2j4/I,4,TEMP)
CALL EMAOO(TLvpI,TEMp,4,4,P)

CALCULATE X STAR AS
(Z-ZHAT)+% + XHATDTFF,Z\»:Sv_z^4T

:t (DlFr+l?o,)42,43,44
42 DIFFbOIFE+260«

G° T9 43
44 Ip (O’p F - 130* ) 43.-43, 46 
46 D IFF = DlFE-360»
43 DIFF=0lFF/57,295780 

DO 41 1=1/4
41 XFTAR(I)=XHAT(I) ( I/I) TFp

IF (IFFtGATp *778
y = X935( I H Y H A H  I )Y=X9BS(3)*XHAT(3)
WpITE(iC7,i07)x0BS(l),X35S(3),XT(l),XT(3),X'Y 

107 FORMAT(6E12»5)c calculate estimated bearing
Ir (XGTaR(15)4500,4501,4501

4500 SrXl=O.
Gp T9 4522

4501 SEXl=I,
4502 IF(XSTARO))4503,4504,4504
4503 SFX3=0•

GS TS 4505
4504 SEX3=1•
450= ZSTAP=ATA^(XS-AP(I)/XSIAR(3))*57,295780 

1 + 1S0.*(1,-SEX1*SEX3)"vI * +SEX3)
c a l c u l a t e a c t u a l ran ge SpEED and c ou r s e

pACT = SGRT ( XACT (I ) *i‘2+XACT ( 3) * * 2  )
C

S
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ESACT=SQRT(XT(2)**2+XT(4)**2)
IF(XTO): 500,501,501500 SFxl=O,
GO TO 502

501 SEXl=I,502 TF(XTft)) 503,504,504
503 SEXS=C.

SG T5 503
504 SEXS=I.
505 CACTsATAN(XT(2)/XT(4))*57„295780 

I +1%0'*(1'-SFX1*5EX3)*(1,+SEX3)
C CALCULATE ESTIMATED RANGE SpEFD AND COURSE

RSTAR=59R~(XSTAR(i)»*2+XPTAR(3)**2)ESSTAR = SQRTi(XSTAR(2)+X8BS(2))**2+(XST AR(45 +XBBS(4))**2)
C COMPUTATION CF [STAR

IE(XSTAR(2)+X03S(2)) 530,531,531530 SEXi=C.
GO TO 532

531 SEXl=I,
532 Tp (XSTAR(4)+x55S(4)) 533,534,534
533 SEX3 = C•

G" TC 535
53t 32X3 = 1.
535 CSTAR=ATANt(xSTAR(2)+XOBS(2))/(xSTAR(&)+x83S(4)))*57,295780+ 

1180"*(1'-SEX1*SEX3)*(1.+SEX3)
8904 CONTINUE

PRINT 1026, ITSM 
88 PRINT 1003,(XPBS(I),1=1,4) 

pRINT 1014,(XT(I),1=1,4)
PRINT 1024,(XACTt I),1 = 1,4) 
pRINT 1016,(XSTARf I),1=1,4)
PRINT 1017,(xHA T ;15,1 = 1.4)
P-INT 1013, /HAT, FACT, ZNOISY, ZSTAR
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Rl"?=d ACT--S'AR
RPER=3-0C»*RERR/RACT
ERERP’ESACT-ESSTAr
ESPER=IOO.>ESERR/ESACT
OERR=CACT-GSTAR
CCTR=ICO.^CERRZCACT
pRIMT 1009, PACTRRI\T irnt.. RSTARfRERP ,RPER
PRINT 1010, ESACTPRINT 1007, E5STAR/ESERR, ESPER
PRINT 1011, CACTFpTNT IQO?,CSTAR, CERR ,CFER
PRINT 7021,(pM1(1,J),J=1,4)
CR 7R71 1=2,47371 FCIMT 1022,(PM1(I,J),J=l,4)
PRINT 1018,(G(1,1),1=1,4)
PRINT 1023,(u(i,l),1=1,4)
PRINT I02l,(e(i,j),j=i,4)
CO 878 !=2,4

873 PRINT 1022,(p (I,J ),J= 1,4)
PRJNTIO04,(U(I),1 = 1,2)

8773 CONTINUE I 234 CONTINUE
GO Tm 4321 

CO CBNTIMUE
ENDFIlEt107)
END FILE'107)
REWIND 107 
CALL EXIT

1000 FcRMAT(IA)
1001 FeRMAT(SFlO-O)
1002 FORMAT(20H INITIAL XSTAR IS SE 14,6)
1003 FBRMAT(2CH PRESENT XBBS IS 8214,6)

f[
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1004 PBPYA»(Rcw YECTBR U 13 SF14.6)1C05 FORMAT(22H TAPGrT TRUE BEARING F14 .6)
1006 F rRm AT(25H TARGET ran ge e s t i m a t e F14.6/9H ERROR F 14 * 6 /

XF14.3/PH PER CENT )1CC7 FORMAT(25H TARGET SPEED ESTIMATE FI 4 « 6/OH ERROR Fl4*6/XF14.3/QH PFR CENT ;

I-*
 

< ) O CO r''RMAT(R5H ^ARGEF COURSE ESTIMATE F 14.6#SH ERROR P 14 * 6.«
X FI 4 * ? 3H PER CENT )

1009 C'F'PM/dtPSH TARGET RANGE a c t u a l FI f-»6 I1010 Pr-RvA-rC 25H rARGrT SPEED act ua l F14,6 5
1011 FBRMA^(R5K FAPOPT COURSE ACTUAL F 14,6)
1013 FORMAT(30H t a r g e t BEARING/ PREDICTION E12*6,9H ACTUAL 

XE 12•6/RH NQISY Fl2*6,6H EST F12»6)
1C14 F0PMAT(20H PRESENT XT ?S gF14,6)
1016
1017
1018 
1012 
1020 
1021 
7^21 1022
1023
1024
10251026
7000
7001
7002 7550

f o r m a t (2CH 
E 0R Y A T (20M 
F^RYATfROM 
nR:''.AT(3pW
F RRM4^(38wi
PTRM A -(RHR 
FBR m A T (Rq H 
F r R M A T (IH 
F9R^AT(2CW 
FORMAT(ROM 
FBRMAT{4EI 51

PRESENT XSTAR IS 
PRESENT XHAT IS 
PRESENT GAIN IS
s t a n d a r d De v i a t i o n
STANDARD DEVIATION 
PRESENT P IS 
PRESENT PMi IS 
4F25.10)

PRESENT H IS 
PRESENT XACT IS 
S 5

BF 14.6)
Sr 14*61 
/4FR5.10) 
BE XT 
SF BEARING 
/4P25.10) 
/4FR5,10)
/4F25,10)
8F14.6)

NS I SE 
NOISE

F 14»6 )
F 14.6 )

FnRMA-(55H0»< ******************3 fPPl5/20H********************) 
FORMAT(20M INITIAL XSBS IS 8F14.6)
rpRMAT(2DH INITIAL XT %S SF14,6)
FFRMATtRQH INITIAL XACT IS BFlAO)
F9PMAT(l6H INITIAL RANGr Fl4,6,9% SPEED F14.6/10H CSURSE
IF 14.65

7560 FBRYATdSH INITIAL U 2Fl*"6) 
7569 PBRMATdPH INITIAL P )

!H  
— -7

r



7570 F0RMAT(4FP5,10) 
END

C SUBROUTINE TS GENERATE N(0,1) XGISE
RPAL FUNCTION GWOISE(X)
DATA J/Rg7654321/
GMeisr=ODO 7 <=1,12 
I=J
J =1*65530 
IF(J)S,6,6

5 J=J+21474236&7+1 ' 6 Y = J
Y=v*.4656613E-9 

7 GNO I SE = GNO ISE+Y 
GMS I SF = GWO I SE-6»
END

S'JSno'JTlNE E"ADD(4,B,M,M,C)
C!YFNSI SN A(4,4),B(4,4),C(4;4) 
D6 I I=1,N 
Dn I J=1,Y

I  C ( I , J ) =A( I , J ) + B ( I , J )
END

—I
J 6~



SUBR9UTI EvTRAN (A/N/ M, C ) 
DIMENSION A(k,4),2(4,4)
Dpl I T = I, N Of? I  J = I j *'*

I C :J,:)=A (I J J )
END

S UB R OUT I NE EVRR90 (A,5, N, M,UC) 
DIMENSION A(4,^),9(4,45,2(4,4) 
DO I I=1,N 
DB I J=IjL 
C ( I , J 5 = O •DO I K=I j M

I C(I,J)=C(TjJ)+A(I,K)*B(K,J)
[ND
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Appendix B

CELLULAR COMPUTER SIMULATION

COMPUTER PROGRAM LISTING
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LFg r t r a-N
C0MM9N/DATA/DATA(16)

.CALL KFSIMLND

!FORTRAN
SUBROUTINE input CONfiG N/D AT A/DAT A (16)
READ(105,105)DATA
CALL TO
RETURN

105 F8RMAT(gF10,0)
108. F0RMAT(8E12,5)

ENTRY OUTPUT 
CALL FROM
WRITE(108,108)0ATA
RETURN
ENTRY INVERT(N)-
CALL FRQM
-DATA(N)» I . /DATA (N)
CALL T8END

LSYMBQL - - '
DEF KFs IN/BASEADR
DEF TIMER
DEF ONCE
DEF BUFFERS
REF INPUT,OUTPUT,DATA
RE? F : i N , F : 8 V r , F : R A 0
REF INVERT

SET COM,I ? , 2 0 ; 3 2 , 1 2 , 2 0  X ' 2 2 2 ' ; 0 , X ' 2 5 ? 0 0 1 0 1 ( , X ' 3 5 2 ' ; A F ( 1 )
EXECUTE COM,1 2 ,2 0  X ' 6 A E ' , A F ( I )
*** * *
BASEADR EGU
INSTNUM EQU

• B 8U n D 
INSTRBUF res

TEXT

$
64
8
PO
'* ERROR!
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INSTR GEN,8 ,2 4 X 11 0 ' , F :IN

GEN,8 , 2 4 X '30',16
.DATA In s t r b u p

DATA 80.
PUSH GEN,8 ,2 4 X ' l l ' , F : R A D

GEN/8, 24 X ' 3 8 ' , 1 6
DATA I NSTRBUFDATA 80
DATA LBADLGC

PULL GEN,8 ,2 4 X ' 10 I , F ;RAD
GEN,8 /2 4 X ' 3 8 ' , 1 6
DATA I m st rb u f
DATA so
DATA EXCLBC

ECHDINST GEN,8 ,2 4 X ' I l ' , F i B U T
GEN,8 , 2 4 X ' 3 0 ' , 1 6
data . INSTRBUF
DATA 80

MESSAGE GEN,8 ,2 4 X ' l l ' ,F IB U T
GEN,8 ,2 4 X ' 3 0 ' ' 1 6
DATA INSTRBUF
DATA 88

EBCDIC TEXT '0123456789ABCDEF'
ERRBR C A L I , I MESSAGE

B START
LBADLBC RES I
EXCLPC RES I
INDEX RES 16
DBNE DATA O
temp  ' DATA ■ O
** ARRAY M I CRS-INSTRUCTJPN SET
*LORA X LBAO ROUTING A REGISTER
*LDRB X LOAD ROUTING B REGISTER
*LDAA X LOAD ADDER A REGISTER
*LDAB X LOAD ADDER B REGISTER
*LDAC LBAD ADDER C REGISTER (ADD)
*LDMA X LOAD MULTIPLIER A REGISTER
*LDMB X LOAD MULTIPLIER B REGISTER*LDMC LOAD MULTIPLIER C (LXP) REGISTER
*STRA X STBRE ROUTING.A REGISTER
*STRB X STORE ROUTING B REGISTER
*STAC X STBRE ADDER C REGISTER
-x-STHC STORE MULTIPLIER C REGISTER
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*ALIN 
*ZERC 
■k-MADD -K A NS R 
*MN8R 
-x-SFMA 
x-SFMB 
-x-SMAB 
*RTA6 
*RTAD 
*RTAB 
*RTAB
*
** ■ NON-ARRAY
k-DUMP X Y
*INVR X
jXlNVC X
* R B O N
*RB9F
-x-CBON
*CGOF
*GLON
-K-GLOF
*R I8N
* C 10 N
*RI OFs-ClOF
#TRON
-x T R OF
K B D I B X Y-
* B F W D XX
*BBAK XX
*SETI X YY
*BDZF XX
*B0Z8 XX
-x-RCON X Y
*RCAM Xx-CCOM X Y
*CCAM X
* INR8
KOURO
x-INCO
KOUCO
*-$$$$
Kr

ALIGNMENT'CLOCK 
ZERQ MULTIPLIER C REGISTER 
MULTIPLIER ADD CLOCK 
ADDER NORMALIZE CLOCK 
MULTIPLIER NORMALIZE CLOCK 
SHIFT MULTIPLIER A REGISTER 
SHIFT MULTIPLIER 3 REGISTER 
SHIFT MULTIPLIER A AND B REGISTERS 
ROUTING A REGISTER.CLOCK 
ROUTING B REGISTER CLOCK ROUTING and
ROUTING A AND R REGISTER CLOCKS

INSTRUCTION SET
DUMP MEMORY LOCATION (XrY)
INVERT ROW BUFFER X
INVERT COLUMN BUFFER X -
ROWBACK LINE ONROWBACK LINF BFF
COLBACK LINF ON
COLBACK LINE OFF
GLOBAL LINE ON
GLOBAL LINE OFF
ROW INPUT LINE ON
COLUMN INPUT LINE ON
ROW INPUT LINE OFF
COLUMN INPUT LINE OFF
TRANSPOSE LINE ON
TRANSPOSE LINE OFF
BACK YY ON DECREMENTING INDEX X
AHEAD XX
BACK XX
SET INDEX X TO YY 

. BRANCH DONE ZERO AHEAD YY'
BRANCH DONE ZERO BACK XX
SET ROWCBN X TO Y
SET ALL ROWCOM TO X 
SET COLCOM X TO Y
SET ALL CGLCOM TO X 
INPUT TO ROW BUFFERS 
OUTPUT FROM ROW BUFFERS 
INPUT TO' COLUMN DUFFERS 
OUTPUT FROM COLUMN BUFFERS 

. STOP
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■K-
* *  ARRAY INSTRVCTI8NS
i n s ta b le EGU

text 1LDRA1
text 1LDRR I
TEXT 1LDAA1
TEXT 1LDAB1
TEXT 1LDAC'
TEXT 'LDMA1
TEXT 1LDMB1
TEXT 1LDMC1
TEXT 1STRA'
TEXT 1STRB'
TEXT 'STAC'
TEXT 1STMC1
TEXT 'A L lN 1
TEXT 'ZERC1
TEXT 1MADD1
TEXT 1SUBT1
TEXT 1 ANOR'TEXT 1 MNfjR 1
text ■ 1SFMA'
TEXT 1SFMBf
TEXT fShAB1

RTAO TEXT 1RTAB1
RTBO TEXT 1RTBO1
RTAB
*

text 1RTAB1
*
* *  ARRAY INSTRUCTION CONTROL LINE TABLE
OPTABLE EQU $ ” I
LDRA DATA X'lOOOOOOO1
LDRB DATA X'OAOOOOOO1
LDAA DATA X '0 0 8 0 0 0 0 0 '
LDAB data X'OO^OOOOO'
LDAC DATA X '00100000'LDMa data X '0 0 0 2 0 0 0 0 1
LDMB DATA X'OOOOSOOO1
LDMC DATA X'OOOOSOCO1
STRA DATA X'SOOOOOOC
STRB DATA X ' 6 0 0 0 0 0 0 0 1STAC DATA X'AOO-OOOOO'
STMC DATA X'EOOOOOOO'ALIN DATA x ' 0 0 2 0 0 0 0 0 l
ZERC DATA X'boooiooo1
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MADD d at a
SUBT DATAANOR DATA
MNOR DATA
SFMA dat aSFMB d a t aSMAB DATA
RTAG DATA
RTBG DATA
RTAB DATA
* *  NBN "ARRAY
DUMP TEXTINVR TEXT
INVC TEXT
RBON TEXT
RBoF TEXT
CBGN TEXT
CBSF TEXTGLPN TEXT
GLGF t ext
RIQN TEXT
C I QN -TEXT
RIGF TEXT
CIGF TEXT
TRSN TEXT
TRGF TEXT
BDlB TEXTBFWD TEXT
BBAK TEXT
SETI TEXT
BDZF TEXT
BDZB TEXT
RCQM TEXy
RCAM TEXT
CCQM TEXT
CCAM . TEXT
INRG TEXT6UR6 TEXT
INCG TEXT
6 UCQ TEXy
STBP
*

TEXT

*
* * N O N'pARRAY

X '0 0 0 0 0 8 0 0 '  
X '0 0 1 8 0 0 0 0 '  
X f00040000' 
X'00000400' 
X'000100001  
X '00004000' 
X '0001 4000' 
X '0 8 0 0 0 0 0 0 '  
X'02000000' 
X'OAOOOOOO'

INSTRUCTIONS
•DUMP'
'INVR1
' INVC'
'r b b n •
'R B e F '
'CBON'
'C B p F ' .
' GL6 Ni'
' GLOF'
'R IBN'
' CI 0 N ' •
' R10 F '
' C I OF'
'TRSN'
' TRof ' 
'B D jB '  
1BFWD1 
'BBAK' 
'S E T I '
SBDZF' 
'BDZB'.
'RCqm’
'RC a M ' 
'CCQM I 

.'CCAM'
' INRG I 
! QURS I 

' 1INCQ'
' BUCG'
'$$$$'

INSTRUCTI3N EXECUTION
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ARGGEN

■K
INVARG
INVR6W

INVCBL

L 1/6 4
SLD,2 8
' LI/5 15

CB,2 . EBCDIC,5
BE $-1-2
BDR/5 !i “2
SCS/5  ̂4SLD/4 4
BDR, 6 $^7
SLS,4 16B * 10

DATA 0
L I , 7 16
LWvR R OWBlJF F-
STW, 2 DATA-1,7
BDR,7 $ . 2
BAL,10 ARGGEN
SLD,4 , 2 8
A I./ 4 I
STW,4 INVARG
B A L ,13 INVERT
DATA I
PZE,4 INVARG
LI'7 16
LW, 2 D A T A r l ,7
STW,2 RQWBUFF,
BDR, 7 * ” 2
L I , 2 0
STW/2 c o n t r o lEXECUTE CYCLE
B START
L I , 7 16
LW, 2  ■ CBLBUFFr:
STW,2 DATA"1,7
BDR,7 $ ? 28AL,10 ARGGEN
SLD,4 "28
A 1, 4 I
STW,4 invarg
BAL,13 INVERT
dat a I
PZE,4 INVARG
L I  ,7 16'
LW / 2 DATA«1,7

V 7
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STW,2 
BDR/7 
L I ' 2  - 
STW,2

C0LBUFF^1,7$ •» 2 
O
CONTROL

EXFcVTF
B CYCLE

START
R9WSGN L 11 2 

STW,2
8

I
R0W8ACK
START

r g w b g f f L I , 2 
STW,2

O
ROWBACK

B START
CGLBGN L I , 2

SIW /i 2 
B

I
CGLBACK
START

CGLBGFp L I , 2
STW, 2 
B

O
CGLBACK
START

GLOBBN LI/2
STW,2
STW,2
B

I
GLOBAL
CHANGE
START

GLGRGFF LI /2
STW,2 
L I , 2 
STW,2

0
GLOBAL
1
CHANGE

B ' START
ROWBN 1.1,2

STW,2B
I
ROWINP
START

RBWOFF L I , 2S T W j 2 
8

O
ROWINP
START

CBLGN L I , 2 
STW',2 .

I
CGLINP

B' START
CBLGFF L I , 2 

STW,2
B

O
COLINP
START

TRANSGN L I , 2 
STW,2-
B

I
TRANSP
START

TRANSOFF L I , 2 
STW,2
B

O
TRANSP :
START
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BRNDIB

BRNFWD

BRNBAK

SETINDEX

BRNDZB

BRNDZF

-x
INPUTRCW

BAL / 3,0 ARGGEN
SLD,4 *28
MTWjS » I INDEXz4
BLEZ START
SLS,5 «24
LCW,5 5
AWHjS EXCLGC
B START
BALzlO ARGGEN
SLD,4 *’24
AWH,4 EXCL8C
8 START
BALzlO ARGGEN
SLD,4 ™24
LCWif 4 4
AWMz 4 EXCLBC
B START
BALz10 ARGGEN
SLD,4 • "28
SLSz 5 *24
STW,5 INDEXz4B START
MTWjQ DONE
BNEZ START
BALzlO ARGGEN
SLSz4 ^24
LCWz4 4
AWMz 4 EXCLGC
B START
MTW, 0 DGNE
BNEZ STARTBAL/10 ARGGEN
SLBz4- "24
A W H z A. EXCLGC
B START

BALz13 INPUT
DATA O
L I z 7 16
LWzg DATA-IzZ
STWzZ RGWBUFP>
BDRz 7 $ - 2
L I ' 2  . O
STWzR CONTROL
EXECUTE CYCLE '
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iNPUTCeu

0UTR8W

OVTCOL

SETRCOM

ALLRC0M

B STARTB A L * 13 INPUT
DATA 0
L I , 7 16
LW, 2 D A T A - I , 7
STW,2 CQLBUFFf
BDR,7 * "2
L I , 2 0
STW,z CONTROL
EXECUTE CYCLEB START
L I , 7 16
LW, 2 RQWBUFF-.
STW,2 DATA,I , 7
BDP,7 $ - 2
8 A L U 3 OUTPUT
DATA O8 START
L I , 7 16
LW; 2 COLBUFF":
STW,2 DATA"1,7
BDR,7 $ = 2
S A L ,13 OUTPUT
DATA O
8 START
B A L , IO ARGGENSLDU «26
SLS U - 2
SLD U «= 2
SL$ ,5 f26
S L S U 2
S T B U RQWCOMjA
L I / 5 ISTW U CHANGE
B START
B AL,10 ARGGEN
SLO U *30
SLS/S
5 L 0 ,4 "28
S L S U  . 2
L W t 4 5
L I , 5 15
S TB U RQWCOMU
BDRU $ I
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STB,4 RQWceMB START
SETCC8 M BAU,10 ARGGEN

SLD,4 #26
SLS,5 «2
SLD, 4 "2
SLS,5 # 26
SLS,5 2
STB,5 C0LC9M,4
L I , 5 I
STW,5 CHANGEB START

ALLCC8M 0AL,10 ARGGEN
SLD,4 *30
SL8,5 2

' SLD,4 "28
SLS,5 2
LW, 4 5
L1,5 15
STB, >k C8LC0M,5
BDR,5 $- 1
STB, 4 C8LC8M

- B. START

TRAf3FPT GEN,8 ,2 4

O<rX

DATA I
KFSIM EQlj $

C A LI 'S TRAPFPTBEGIN L I , 2 O
STPfB L6ADL8 C
L I , 7 64
STW,2 R ES?l,7
BDG,7 4 »* I
L I , 7 8192
STW,2 ' ARRAY"! ,7
BOP,7 $ " I
L I , 2 X'SBl

PR9G M T w , I LBADLOCCALI, I INSTR
C A L I , I ECHQ INST
C A L I , I PUSH
CS, 2 INSTRBUF
BNE PR80
L 1,2 O
STW,2 EXCL8C
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START MTW, I EXCLBC
CALU I PULL
EXU T I MER
EXU b u f f e r s
L I ; 6 O
L I , 7 O
LB, 2 INSTRBUF,?
C l , 2 X '4 0 '
BE s +3
S TB ,2 INSTRBUF, 6
A 1,6 I
A l , 7 I
C l , 7 7 3
BLf $ =? 7
L i) ,2 INSTRSUF
CU, 2 STBP
BNE $ + 2
CALU 9 3
CW,2 DUMP
BE CBREDUMP
CW,2. INVR -
BE I N1VRew
CU, 2 INVc
BE INVCBL
CW, 2 RBQN
BE RGWBBN
CW,2 RBBF
BE RBWBQFF
CW, 2 CBBN
BE COLBQN
CW,2 CBBF
BE • CBLBQFF
CU, 2 GLBN
BE GLBBBN .
CU, 2 GLBF
BE g l b b q f f
CW, 2 RION
BE RQWQN
CW, 2 CIBN
BE CGLGN
CW, 2 RIOF
BE R8W0FF
CU, 2 CIGF
BE CBLOFF
CW, 2 TRBN-
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%
ePraUND

BF TRANSSN
CW,2 TROF
BE TRANSOFF
CU, 2 BDIB
BE DRNDIB
CU, 2 BFWD
BE BRNf'WD
CU, 2 BBAK
BE BRNBAK
CU, 2 SETI
BE SETINDEX
CU,2 RDZB
BE BRNDZS
CW,2 BDZF
BE BRNDZF
CU, 2 INRO
be I NPUTRQW
CU, 2 INCO
BE I N P U T C Q L .
CU, 2 0UR8BE OUTROW
CU, 2 OUCQ
BE OUTCOL
CU, 2 RCOM
BE SETRCOM
CU, 2 RCAM
BE ALLRCOM
CU, 2 CCOM
BE BETCCOM
CU, 2 CCAM
BE ALLCCOM
L I / 7 i n s t n u m
CW, 2 INSTABLE,?
BE • OPFOUND
BDP.,7 $ "2
8 ERROR .

BALflO ARGGEN
SLS,4 "16
SLS,4 <•« g *
LW/3 GPTABLE,?
B R ,3 4
STW,3 CONTROL
EXECUTE CYCLE
B START
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-K- -K -K -K -K
'K
-K
BLOKSIZE EQU 14
N EQU 16
LOCATION RES II RES ' I
J RES I-X- ARRAY DATA
ARRAY RES 8192
GLOBAL DATA O
BITADR DATA O
TB ADR DATA OCHANGE DATA I
CELL-CBM RES 6 4

NCNpCBMPRESSlBLE CELL DATAMEMORY DOi 16
d at a o

RAREG DATA' O
RBREG. DATA O
C8NTR8L DATA O
ADDRESS DATA O
WLINE DATA O
RLINE DATA O-
CLINE DATA O '
MCLI NE DATA OCDLCBH DOl 4

DATA O
RBWCOM DSl 4

DATA O
OUTBIT DOl 17

DATA O
IN 8 IT  DBl '17

DATA O
CGLINP d at a o
RSWINP DATA O
ROWBUFF DOl 16

DATA O
COLBUFF DOl 16

DATA O
TRANSP - DATA O
ACON DATA ,O
BCON DATA O
SCONSAVE DATA O
ROWSACK DATA O
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C8LBACK DATA O

ALINE ECU RLINE
BLJNE EQU RLINE
MALINE EQU RLINE
MBUNE EQlJ RLINE
RALINE EQU RLINE
RBLINE
■ft

EQU RLINE

* COMPRESSIBLE CELL DATA
DATABLGK EOU 6
AREG RES 33
BREG RES 33
ADSUBO LI T RES 34
MAREG RES 32
CRCG , RES 34
MBREG RES 56
MCREG RES 57
MADOVT RES 56
HGRLINE RES I
inhibit RES I
N0RM0UT RES I
N8RMZER0 RE'S I
STORE RES I
ALOADA ' RES I
ALQADB RES I
AASCLGCK RES I
ASHIFT RES I
BSHIFT RES I ■

ZER6MC RES I
MSHI FTA RES I
MSHIFTB RES I
MNQRMOUT RES I
ALIGN RES I
ASLINE RES I
ALGADC RES I
NBRMCLK RES I
MLOADA RES I
MLOADB RES I
MADDCYC RES I
MLOADC RES I
MNBRMCLK RES ■ I
SELO RES I
SELl RES I
ARTLGAD RES I
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BRTLDAD RES I
ARCLOCK RES I
BRCLOCK - RES I
RES RES 100
SCD2* SCO,2 O
*
** EXECUTE ARRAY INSTRUCTIONS
RETURN RES I
CYCLE EOU $

EXU TIMER
L I ' 3 X'FO'
AND,3 CONTROL
SLS,3 r? /4
STW,3 ADDRESS
STW,14 RETURN

** SET. ROUTING CONTROLS FOR ALL CELLS
MTWJO CHANGE
BE NOCHANGE
L I , 7 15

ISETCBM L I , 6 15
JSETCBM LB, 2 R8WCBM,7.

MTkJO . GLOBAL
BEZ . $ + 2
LR / S CBLC0M,6
LW,5 7
SL5,5 4
BR,5 6
S T S ,2' CELLCBM,5
A l , 6 ' !" I
BGEZ JSETCBM
A l , 7 rJ I
BGEZ ISETCOM
L I , 7 O
STVJ 7 CHANGE

NBCHANGE EQU S
L I , 2 XJAI
CS, 2 CONTROL
BAZ PAST

** SET OUTPUT I31TS of row b u f f e r s
L I , 7 1 &LVJ 2 RBWBUFF*!,7
S LD ,2 R I



-19k-

#
'K- SET

BDRj 7 $ Pg
SLS,3 »16
LI/7 32
STHj 3 8UTBIT ,7

OUTPUT BITS OF CSLU
Li; 7 16LWj 2 COLBUFFr-
SLDjg ” I
BDRj7 $ ■’ 2
SLS/S “ 16
L I ;  7 33
STHj 3 SUTB I Tj 7
LW; 2 ROWfNP
SLS,2 I
8R, 2 TRANSP
STWjg ACON
LW/ 2 COL I NP
SLSj2 I
6R;2 TRA1NSP
STWj2 BCSN
L I ,  13 16

BUFFERS

* ■ .

* *  SET INPUT BJTS FOR ROW AND COL, BUFFERS INTERCOM EGUEGU $
L I j 7 31
LH; 2 OUTB I T , 7
A l ,  7 2
STLUS I NBJTj 7
AIJ7  ̂I
MTWjO ' TRANSP
BNEZ $ + 8
L I j 6 15
LH <2 ■ SUTB 11,6
SLDj2 ^l
A l , 6 * I
BGEZ $°3
SLS,3 •’ 16
LW; 2 3
STH,2 IN B IT ;7
MTWjO ROWBACK
BEZ S+3
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*

IL38P
JLQQP

*-
*-* FIND

*
GETINA

*
* *  FIND

L H f 2 eUTGIT/7
STH,2 I N B l T , 7
MTW,0 C6LBACK
BEZ $ + 4
A l , 7 ILH; 2 QUTBITf7
STH,2 INBlT,7
LI /7 15
L I , 6 15
L W, 5 7
SLS, 5 4
BR,5 6
LB,2 CELLCQM,5
SLD,2 ea
SLS, 3 -28
ANDfS L (7 )
AND, 3 L (7)
8R,S AC6N
BR,3 BCON
LB, 2 ACONFIGfSLB, 3 BCONF I Gi3
STW, 3 BCONSAVE

INPUT SOURCE FOR ROUTING A REGISTERB $ + 1,2
B ACONFlGOB ACONFIGl
B ACONFIGSB ACQNF IG3
STWfS BlTADR
L w, 4 7
S LS ,4 4
OR, 4 6
STWf 4 TOADR
BALfS m q v e b i t

INPUT SOURCE FQR ROU'LWf 2 BCONSAVE
B . $ + lf2
8 . BCONFIGOB BCBNF I Gl
B BCONFIGS '
B • BC0NFIG3

G REGISTER
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GET.T. NB

ROUTING

* -s

STW,2 BITADR
LW, 4 I
Al/ 4 16
SLS/4 4
OR,4 6
STW, 4 TOADR
BAL, 8 MOVEBIT

JNT FOR BY-PASSED C
LW,5 7
SLS/5 4
OR/5 6
LB'S CELLCBM,
SLD,2 *7
S I S , 3 r Z 8
A N D t .3 L ( I )  ■
STWi 3 12
C l , 2 O
BCZ $+7
LW, 2 7
SLS,2 4
OR, 2 6
STWv2 BITADR
BAL, 8 GETBJT
BAL,S SAVEBIT
C I i l Z O
BCZ $ + 8
LW,2 7
A I i 2 16
SLSiZ 4
GRiZ 6
STWfZ RITADR
BAL,S GETBIT
BALiS SAVEBIT

Al., 6 I
BGCZ JLOQP
A I , 7 *-■ I
BGCZ !LOOP
BDR/13 INTERCOM
EQU $

SHIFT ROW BUFFERS FOR R6UTT 
L I , 5 32
LU,3 I NB I T , 5
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LI'7 
LW, 2  
SCO,2
STW/2 BDR,7

*

** SHIFT COLUMN 
L I f 5 
LHf 3 
L I f 7 
LW, 2  
SOD,2 
STW,2 
BDR,7

PAST EOU
EXU
Mt o
RCZ
B

16
R8WBlJFFI, 7
* X
RBWGUFF*],?
$-3

BUFFERS. FOR ROUTING 33
I NB IT,5 
16
CQLBUFF?!,7
1S I
CBLBUFF^l,7
$*'3

$
TIMER 
C0Nt.RO L
^RETURN
D8ARRAY

*
* *  INTERCONNECTION STRUCTURE SERVICE ROUTINES
GETBIT

*
SAVEBIT

L, W .f 4 BITADR
SLD,4 “! 5
SLS,5 *27
LWf 2 INBlT,4
A T ,5 I
BR,5 SCD2
EXU 5
AND,3 L ( I )
B
L1*', 4 BITADR
SLD,4. r 5
SLS,5 «27 '
LU, 2 3
L I , 3 I
SLD,? 31
LCW,5 5
AND,5 L ( X ' 7 F ' )
BR,5 SCD2
EXV 5 '
STS,2 8U TBIT ,4
8

*
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MBVEBIT L W,«4 BITADR
SLD ,4 «5
SLS,5 ^27
L.W/2 QUTBIT
A l , 5 I
S R ,5 SCD2
EXU 5
AND,3 L(I)
LU, 4 TOADR
SLD,4 -5
SLS,5 »27
LW,2 3
L I , 3 I
SLD,2 31 •
LCW,5 ' 5
AND,5 L (X '? F
OP, 5 SCD2
EXU 5
S TS ,2 INBIT,-
B *8

- *
* *  ROUTING A REGISTER .ROUTING CONFIGURATIONS
ACONFIG DATA X ' 0 0 0 1 0 2 0 2 '

d a t a X '0 3 0 3 0 3 0 3 '

D-IAG 2 0 , ROWINP = Oz TRANjSp = O
ACONFIGO LWz 2 7 -

SLS,2 4
LWz 4 6 -

A l , 4  ̂I
B&EZ
L I / 4 X 'F '
OR, 2 4 '
B GCTINA

* *  DIAO = Oz ROW I NP u Oz TRANSP e I
ACBNF I Gl LW,2 7

SLS,2 4
L W i 4 6
A l , 4. r-\
BGEZ $ -i: 4
L Iz S X 1 I  PO'
OR, 2 7
B GETINA
OR, 2 4
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B GET I NA

DIAG J= Oj RBWINP = I , TRANSP = "
ACONFIG2 L W t 2 7

SUS/2 4
L W t 4 6
A l , 4 " I
BGEZ $4-4
L I ,  2 X »2 0 0 !
OR,2 7
B GETINA
BR, 2 4
B GETINA

*
* *  DIAG B .V RBWLNP ? " , ■ TRANSP - -
AC8NFIG3 LU ' 2 7

A l , 2 <»1
BGEZ $ tI1* ̂ i*
L I ,  2 X f IF O t
BR, 2 ■ 6
B GETINA
SLS,2 4
LW, 4 6
AT, 4 I
AND, 4 L ( X ' F ' )
BR,2 4
B GETINA

*
* *  ' ROUTING B REGISTER ROUTING CONFIGURATIONS-M1
BCBNF I G DATA X '000001011

DATA X '0 2 0 3 0 2 0 3 '
** DIA G J= '0, CBLI NP » O,* TRANSP « -
BCBilF I GC LW, 2 7

A l , 2 p I
AND,2 L ( X I F ' )
A I ' 2 16
SLS,2 4
BR;2 68 GETINB

** DIaG = 0, COLINP = I , TRANSP - *
BCBNFIGl LW,2 7

BEZ $4-5
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A l , 2 
SLS,2  
BR,2
B
Lh?,
BR,2
5

K-
** DIAG = If
BCDNFIG2 LW,2 

BEZ 
LW,2 
A l , 2 
AND,2 
A l ,  2 
SLS,2  
BR, 2 
B
LW,2 
SLS,2  
Al ,2B

*

15
4
6
GETlNB
X'210'6
GETlNS

CBLINP B 
6$+8
7
I
Lr ( X ' F ' ) 
16 
4 
6
GET I NB
7
4
15
GETINB

^ * DI AG = I , 
BCONF IG3 LW,2 

BEZ
L W, 2
A I , 2 ' 
AND,2 
A l , 2 
SLS,2  
8R,2  
B
L I , 2  
BR, 2
B

-x-

C 61,1N P = <s, 
. 6

$+8
7
I
L ( X I F I )

■ J 6
6
GETlNB 
X I IFO'
7
GETINB

** SCAN THROUGH
D6 ARRAY EQU 

LI,2 
STW,2

!SCAN EOU 
L I , 2 
STW,2 
EOU

PROCESSOR
$
15
I
$
15
J
$

t r a n s p  = o

TRANSP = I

CELLS

JSCAN
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LW/7 I
M I , 7 N
A W, 7 U
M I , 7 BLGKSIZE+N+2
A l , 7 ARRAY
STW,7 LOCATION

>>
* *  EXPAND COMPRESSIBLE CELL DATA

EXU TIMEP
L 1 ,7 BLOKSIZErl

EXPAND L W j 6 7
SLS, 6 5
LW, 2 ♦LOCATION,?
L I , 5 32

ELSOP L W , 4 6
A W ,  4 5
SLD,2 r j
SLS,3 i31
STL1, 3 DATABL8K»1,4
BDR,5 ELBOP
A 1, 7 I
BGEZ EXPAND
LW,2 LOCATION

• A l , 2 BLOKSIZE
L I , 7 O
L W ,  3 <2
STWji 3 MEMORY,7
A l , 2 I
A l , 7 I
C l , 7 16
BL $ -5
LW,3 *2 . '
STWjiS RAREG
A l , 2 I
LW,3 *2
STW,3 RBREG

’ .
EXU TIMER

* *  SET CELL CONTROL LINES
L W ,  3 CONTROL
SET SELb '
SET SELl
SET STORE
SET ARTLOAD
SET ARCLOCK
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* *  CELL 
SELECT

SEL8UT
*
* *  CELL
CMU

WRITE

READONLY

SET BRTLOAD
SET BRCLQCK
SET TEMP
SET AL8A0A
SET ALQADB
SET ALIGN
SET ALOADC
SET ASLINE
SET NGRMCLK
SET MLOADA
SET m s h i f t a
SET MLOADS
SET m s h i f t b
SET MLOADC
SET ZEROMC
SET MADUCYC
SET MNORMCLK

SELECTOR UNIT
LW/? SELO
SLS,2 I
BR/2 SELl
SLS,2 I
B $ + 1 / 2
LU, 2 RAREG
B SELSUT
LW/2 RBREG
B SELOUT
BALflO ASETCL'
B SELGUT
BAL/IO MCLSET
STW,? WLINE

MEMORY UNIT
LW,5 ADDRESS
MTWfO STORE
BEZ r e a d o n l y
LWfg WLI NE
STW,2 MEMORY/5
LWf 2 MEMBRYfS
STWfS RLINE
L I ' 3 O
C I fS O
BGEZ $+2
L I ,  3 I

J
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STW,3 HBRLINE

* *  CELL ROUTING UNI T
LGADAR MTkU O a r t l q a d

BEZ LOADBR
L W f 3 RALINE
STW,3 RAREC
LkVS 3
SLD,2 W I
SLS,3 *31
L W * 4 I
SLS,4 4
OR j 4 J
STkU 4 BITADR
BAL, 8 s a v e b i t

LBADBR MTkUO BRTLOAD
: BEZ. ROUTER

L1-Us RBLlNE
STkUS RGREGL LU 2 3
SLD,2 I
SLS,3 *31
L W / 4 I
A l , 4 16
SLS,4 4
OR, 4 J
STkU 4 GITADR
BAL, 8 SAVEBIT

R8UTER EQU $
SHlFTA MTkUO ARCLOCK

BEZ' SHIFTB
LlU 4 I
SLS,4 4
OR,4 J
STW,4 BITADR
BAL, 8 GETSIT
L W j 4 I
SLS,4 4
BR,4 V
L B ,4 CELLCOM,4
SLS,4 „7
C l ,  4' O
BNEZ $46
LW, 2 ■3



-20 k-

SHIFTB

* *  CELL
ADDER

ASETA

AN8L8 ADA

RAREG■»1
RAREG
L U . )
s a v e b i t
BRCLBCK
ADDER
I
16
4
U
BITADR
GETGIT
I
4
J
CELLCBM,4
«3
I, (I )
$ + 6 
3
RBREG
r i
RBREG
LU)SAVEBIT

FLOATING .,PBINT ADDER^sUBTRACTBRMTiUO ALBADA
BEZ ANBLBADA
LW,2 ALINE
L I , 7 32
L I , 3 O
SAD,2 •* I
SGS,3 I
STW,3 AREG,7
BDR,.7 ASETA
STW,3' AREGMTiU O ALBADB
BEZ ALIGNAB
L W t 2 BLINEL U  7 32
L U  3 O
SAD,2  ̂I
SCO,3 I

U U  3
SLDjS 
STW,3 
AND,3 
BAL, 8  
MTW,0 
BEZ 
L W i 4 
A l ;  4 
SLS,4  
BR, 4 
STW,4 
BAL/ 8  
LWD 4 
SLS,4  
BR, 4 
L B ,4 
SLS# 4 
AND, 4 
BNEZ 
LU, 2 
L U '3 
SLD,2  
S TIU 3
AND, 3 
BAL, 8

ASETB



-205

ALIGNAB

C 6 M F3

ALIGNA

M8 VEA

AADD

STW,3 BREG,7
BDR,7 ASETG
STWz 3 BREG
MTWzO ALIGN
BEZ LGADC
L I  f 4 0
L I / 5 0
L I / 7 26
LWz 2 AREG,7
LWz 3 GREG,7
LWz I 4
LWz 6 5
E9R,1 L ( I )
EORzb L ( I )
AND, I 3
AND, 6 R
EGRvB LU)
EGR,3 L ( I )
AND,I 2
AND, 6 • 3
BR,4 6
BR,5 I
A l , 7 I
C l , 7 32
BLE CBMP ■
STW,5 ASH I PT
S T W , 4 BSHI PT
BR; 4 5
E 8 R ,4 L ( I )
STW,4 INHIB IT
AND,4 ALIGN
LW, 2 ASH I.F T
LW,3 BGHlFT
AND,2 4
AND,3 4
L 1W, 4' ASHIFT
BEZ ALIGNB
L I , 7 24.
LW, 2 AREG/7
STW, 2 . AREG+I , 7
BDP, 7 MOVEA
L I , 7 ' 32
LW,2 ' AREG,7
LW,3 2
EBB,3 ■ Ĵ,
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STW,3 AREG,?
AND,4 2
BEZ ALIGNB
A l , ? "I
C l , ? 26
BGE AADD

ALIGNS L W, 5 BSHlFT
BEZ LOADC
L I , ? 24

MGVEB L W, 2 BREG,?
STW,2 BREG+1,7
BDR,? MGVEB
L I , ? 32

BADD L W , 2 BREG,?
LW/3 2
E8R,3 5
STW,3 BREG,?
AND,5 2
BEZ L6ADC
A l , ?  ̂i
C l , ? 26
BGE BADD

L8 ADC MIW , 0 alg adc
BEZ NGRMADDSUB LI,3 0
L I , ? 26

NEXTH I GW L W i 4 BREG-I ,?
AND, 4 3L W, 5 AREGml,?
E8R,5 ASLINE
LW, 6 BREG-I ,?
AND, 6 5
BR, 4 6
L W / 6 3
AND, 6 5
BR, 4 6
E8R,3 AREG-w1,7
E8R,3 . BREO-1,7
STW,3 ADSUBGVT
LW, 3 4
BDR,? NEXTHfGH
L I , 3 I
L I , ? 7

EXPH LU, 2 BREG+25,'
L W f 4 2
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CFRAC

CEXP

NBRN

NBRMSHFT

CEXPDBWN

E8R/4 3
STW,4 ADSUBBUT+25,
AND,3 %
BDR,7 EXPp
L I , 7 26
LW/3 ADSUB8UTtl ,7
STW,3 CREG«1,7
BDR,7 CFRAC"
L U ?  ' 26
LW,3 ADSUBBUT,7
STW,3 CREG+1,7
A l , 7 I
C l , 7 32
BLE CEXR
MTW,0 NORMCLK
BEZ ACLSET
L 1,7 2
LW/3 CREG
AND,3 CREG,7
0DR,7 $"1
L I , ? 2
L U  4 CREG
BR, 4 CREG,7
RDR,7
E9R,4 L ( I )
BR,3 4
STW,3 normqut
AND, 3 NORMCLK
BE? novel
L I , 7 0
LU, 3 CREG+2,7
STW,3 CREG+1,7
A l , 7 I
C l , 7 23
BLE NBRMSHFT+1
LI/7 33-
LWj 3 CREG,7
E8R,3 L ( I )
STW,3 CREGj 7'
C l , 3 ■ 0
BE nove l
A U ?  ̂I
C l , 7 26
BGE CEXP08WN+1
L I , 7 26NBVFL
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ACLSET

*
ASETCL
SETCEXP

SETCLINE

* *  CELL
MLTPLICR

MSETA

MNQLDADA

MSETB

MASHIFT

MBSH11'T

LWj 3 CREG,7
STWj 3 NGRMZERO
BALj 10 ASETCL
B MLTPLIER

L I / 7 7
LWj 2 C R E G 4 2 6 j 7
SLD,2 rj I
BDR,7- SETcEXP
L I / 7 25
LW, 2 CREGrl ,?
SLD,2 ** I
8DR,7 SETCL I NE-M.
STW,3 CLINE
LW/ 2 CLINE
B *10

FLDAT I NG-PS I NT MULT IP L I  ER 
MTV-UO MLOADA
BEZ MN8L0ADA
L 1 /7  32
L Wt2 MALINE
SLD,2
SLS,3
STW,3
BDR,7
M T W t 0
BEZ
LI *7
LN/R
SLD,2
SLS,3
STW,3
BDR,7 
L I , 7
STW,3
8DR,7
MTWjO
BEZ
LI,?
LW/3
STW,3
BDP,7
MTWjO
B[Z

I
-31
MAREG-1,7
MSETA
MLOADB
MASHIFT
32
MBLINE 
s I 
"31
MGRCG+23,7
MSEtB
24
MBRCG-I / 7$-1
MSHIFTA
MBSHIFT
24
MAREG-1,7
MAREG/7

MSH I FTB
mclearc
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L I j 7 O
LW / 3 MBREG+1,7
STW,3 MBRCG,7
A l ;  7 I
Cl z 7 47
BLE 4-4
L I; 3 O
STW,3 MBRE0,7

MCLEARC MTWzO ZEROMC
BEZ ACCUM
L I / 7 ' 49
L I z 3 O
STW,3 ' MCREG^l,7
BOR,7 S-I

ACCJJM MTWzO m a d d c y c
BCZ MLOADCEX
L I ; 3 O
L I , 7 49

a c c u m i t L W z 4 MBREG-1,7
EDR,4 3
ECRz4 MCREG-1,7STWz 4 MADOUT=I,7
LWz 4 MBREG-!,7
AND, 4 MCREG-1,7
LWz 5 MBREGnl,7
AND,5 3
6Rz4 5
LWzS MCREO"!,7
AND,5 3
OR, 4 5
LWz 3 • 4-
BDR,7, ACCUMIT'

ADOCYC LW, 2 MADDCYC
AND, 2 M A R E O  24
BEZ MLOADCEX
L 1,7 49

ADDCYCCW LWz 3 MADOUT = I,7
STWz 3 .MCREC-1,7
BDR,7 ADDCYCON

MLOADCEX MTW, O MLOADC
BEZ MNO r m

MEXP L I , 3 O
LI »7 7

MEXPIT L W z 4 MBREG+48z7'
E8R,4 3
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CEXPQN

MN8RM

MNORMSHF

MCF-XPDN

EOR, 4 MAREG+ 2 4 ,7
STW,4 MADGUT+48,7
.LWf 4 MBREG+48,7
AND,4 MAREG+24,7
L W i 5 MBREG+48,7
AND,5 3
BR / 4 5
LW,S MAREG+24,7
AND,5 3
B R ,4 B
LW, 3 4
BDR,7 MEXPIT
LW, 3 MADQUT+49
EQR,3 L ( I )
STk', 3 m a d b u t+49
U '7 7
LW'3 MADeUT+48,7
STW,3 MCREG+49,7
BDR,7 ■ CEXPBN
MTW,0 MNGRMCLK
BEZ MSETCL
U ' 7  ' ■ eL W , 3 M CR'E G
AND,3 MCREG,7
BDR,7 • $ -1
L I , 7 2
L W , 4 MCREG .
OR,4 MCREG,7
BPR,7 $-1
E0R,4 L ( I )
8R,3- 4
STW,3 MNBRMQUT
AND,3 MNQRMCLK
C l , 3 O
BEZ MSETCL
1-1,7 2
L W t 3 MCREG/7-
STW,3 MCREG-I , 7
A l , 7 I
C l '7 49
BLE MNQRMSHF+1
LI *7 56
L W, 3 MCREG,?
EQR,3 ' L ( I )
STW,3 MCREG,7
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BE MSETCL
A l , 7 v I
C l , 7 49
B3E MCEXPDN+1

MSETCL BAL,IO MCLSETB ENDMLT

MCLSET ' EQU $
LI, 7 7

MSETCEXP LW,2 MCREG+49,7
SLD,2 R I
BDR,7 MSETCEXP
LI,7 25MSETCER L W , g MCREG"!,7
SLD,2 " I
BOR,7 MSETCFR
STW,3 MCLlNE
L W, 2 MCLINE
B *10

ENDMLT* EQU $
** COMPRESS COMPRESSIBLE CELL

. EXU t i m e r
LI,7 • BLBKSIZE-I

CBMPRESS LW/ 6 7
SLS, 6 5
L I , 5 32

CLOQP LW,4 6
AW'4 5
L W / 2 P A T A B L 0 K ̂ I,? 4
SLD>2 1
BDP,5 . CLOBP
STW,3 *L0CATIGN,7
A l , ? ” i
BGEZ COMPRESSL W, 2 LOCATION
A l , 2 BLBKSIZE
L I / 7 Q
L U ,3 MEMORY,?
STW,3 * 2
A l , 2 ' I
A l , ? .1
C l , 7 16
BL $ ”• 5
L W , 3 rareg
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,'A 2
I
-RBREG
*2
tim er
ONCE
J'USCAN 
I
!SCAN
♦RETURN
O
O

#

STWU 3 
A l , 2 
L W , 3 
STW / 3
EXU
EXU
MTKU - 1
BGEZ
MTKU - I
BGEZ
B

DUMPDATA DATA
DUMPSTRT DATA
DUMPEND DATA

TEXT
CBREDUMP B A L ,10 

S L D, 4 
SLS,5  
X W / 4
M I , 5
AW,5 
MT, 5 
Al,5 
STW /5
A l , 5
STKU 5-
C A L I ,3 
B

ONCE B
SNAP - DATA

DATA
TEXT .

0LDTIME D a t a
TIMER BAL/12
TIME PSW,S 

L W / 8 
C A I-1,3
STW, 8
PEW, 8B

BUFFERS C A L I ,3
b u f f e r DATA

DATA
DATA

0
1 MEMORY'
ARGGEN
„28
-28
5 "
N
4
BUSKSIZE+N+2
ARRAY
DUMPSTRT 
31
DUMPEND
DUMPDATA -
START
♦RETURN
OOLDTI ME/BEDTIME +1 
'TIMER!
? ITIME
*0
*X'4E'
SNAP 
BEDTIME 
♦ 0 *12
b uf fe r
O
OUTBIT
C0EBUFF+15
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TEXT ! BUFFER 1
*
* FGR NGRMAL R P F RATIGN
* USE MGDIFY T I M E R , 6 9 0 00000
* MGDIFY 8 N C E , 6 9 0 0 0 0 0 0
'* MODIFY BUFFERS,63000000
-x-

END

ISYK88L
DEF TB/FROMREF DATATEST DATA X'OOCOOOOO'

RETURN RES I** C8MVFRT DATA T? MACHINE
** FLOATING-POINT REPRESENTATION
TG Al,13 ISTW,13 RETURN

LI,7 16
TGLBBP LWi 2 DATA-I,7

BNEZ $ + 3
L I > 5 O ' .B ENDTs

- LAW,4 2
LI,5 O
SCO,4 8
AJ-tB - 64
SLS,5 aAl,5 64
SLS,4 v S
LI,I 24
CW,4 . TEST
RCS,4 $ + 4
SLS, 4 I
Al,5 - ? I
0DR,1 $ ” 4
Cl,2 O
BGEZ $+2
LCW,4 .4S L S, 4 7
OR,5 4’

ENDTG STW,5 .DATAwl,7-
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■if *
# *
FRSM

BDR,7 TSLOSP '
B -^RETURN

CSNVERT DATA FRSM MACHINE 
FLOAT I NO-PS I NT KEPRESENTAT I SN

FROMLOSP

A l , 13 
STW,13 
LI,7
L W , c

RETURN
16
DATA«1,7

ENOFRSH

BNEZ $ + 3
L I , 6 O ■
B ENDFRBM
SAD,2 vl
SLS/3 -(25
A l , 3 r 64
LN., 4 .3
SLD,4 -2 '
SLS,5 "30
C l , 5 O
BEZ *  + 4.
A 1, 4 I
A l , 5 ■* 5
B I O , 5 S 2
8 • $ + 3
SAG,2 " I  . •
B $"3
A? ,4 64
L. A N f 6 2
SLS, 4 24
BR, 6 4
C l , 2 O
BGEZ $+2
LCW, 6 6
STW, 6  ' D A T A * ! ,7
BDP,7 FRBMLGGP
B
END

^RETURN
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