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ABSTRACT

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 technigues 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 countrol
circults be constructed to determine the fe451b111ty of produc1ng
a hardware realization of the entire computer.




Chapter 1

INTRODUCTION AND REVIEW OF

CELLULAR RESEARCH -
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1.1 Introduction

. Designers of computers are often confronted with the development
of a computer for a particular application such as véhitle navigation,
signél processing or the like, Many of these appiications. require that
computations be performed as rapidly as possible and that the computer
be as Sméll as possible. In order to meet tLhe require?eﬁts for speed,
cost and physical size; the designer will sometimes resort to the
éevelopment of a special purpose computer. The disadvantages of'this,
approach are the large initial design costs and tﬁe possible necessity
of a complete redesign to account for a change in the cpm?utation
algori£hm. 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 emall enough; anrd those which are
small enough are usually not fast enough or are tpo expensive. These
arguments suggest that some thought should be given to the design of
general ﬁurpose computers which are capable of performing certain types
of operatiéns efficiently. Although efficigncy may be gained by using
faster components, this method is usually expensive and lgads to other
complications, such és poor reliability. Another method of 6btaining
greater efficlency foxr certain operations is to build a coﬁputer which
takes advantage of the structure inherent in theég_qperations.u'This

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

computer. A computer of thiz 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 chéhgeS'in computation algoxithms as is a general
.purpose’ computer.
One class of problems whoke inhekrent struéture may .be incorporated
inté the design of a computer is that class which deals with operations
on matrices and vectors. An e;ample 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 asg. rapidly as
possible. Thus, the basis for this research is to develpp-a design for
a small specially organized, geﬁeral purpose computer which ie
particularly efficient for performing matrix operaticns.

‘ lncorporating matrix operations into the structure of & 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. - ) L
Axrrays of similar or identical logic circuilts together with some
interconnection gtructure constitute cellular arrays.. 1f the cells
"have a lowicomplexity, phe 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, ox celis as they are called, are usually arranged in
some restangulax fashion and the intercpnnections between the celli

orme a uniform pattern.

-

usually

In the next gection soma of the work which hag been. done on micro-

N ) '
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cellular arrays will be discussed, and in the following section some
of the pertinent wotk on macrocellular arrays will be considered.

1.2 Survey of Microcellular Work

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

(4,8)

interconnection was originated in 1961 by Brooking ~at the Adx
Force Cambridge Research Laboratories (AFCRL). The'cg}ls in this
array are eilght—-input NOR gates ﬁith each input of a gelizbéing
connécted to the output of one of the eight neighboriﬁg‘cells in'thel
array. The array is known as an eight-neighbor array,',Each cell in
the array has inputé from 6utside the array which are uged to provide
an electrical discomnnect for any of the eight inputs. Sg&eral
varia;ions of the eight-neighbor arrays Were‘produced at AFCRL by
Giusti. - |

Methods for the logical design of eight-neilghbor 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

(11

. of several different functions. In 1962, Maitra >=coﬁsidered-0ne—
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
N (16)

s

work on Maitra cascades eventually led to Minnick's cutpoint arxay
in 1964. This array contains cells which can produce any of eight

combinational switching functions ox 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 CObwéb array,- cell parameters specify the

interconnection as well as the cell function. Techniques have been

developed for the iogical design of'boﬁh cutpoint and cobWeb.arrays
For a much more complete survey of the development pf_@icrocellular

work the reader is referred to reference (10).

1.3 Survey of Macrocellular Work

Arrays Qf‘large or complex éells are known as macrocellular arrays.
Most computers which have been designed with an array structure use
some form of a macrocellular 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
mastew control and a rectengular array of logical modules-as shown in
Figure 1.1l. The master control contains a clock, decoding. circuits aund

- a-random access memoxry. It accesses instructions from memoxy, decodes

them and issues commands which go sirultaneously to all of .the modules.

(14-16)




Figure 1.1. Unger's Machine
Each module (or macro-cell in the nomenclature of Section 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

r

and from the accumulators of its four immediate neighbors. Each

accumulator also has an input from outside the machine.
A logical OR circuit with inputs from each of the accumulators
informs the master control if all of the accumulators contain zeros.

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

decision~dependent command usad.

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

commands are described in detail in reference (23).

This
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Table 1.1. Command Table for Unger'slMachine

.............................................

Comand o B fMeaning..,
“tr x ' E  Tramsfer to iﬁstruction %.
Ctrz x ; © Transfer on zero to instruction x.
in : Logiceal invert (NOT).
add ' Logical add (OR).
mpy . Logical multiply (AND).
adm Logical add to memory (OR). . . -
mpm ' Logical multiply'fé.memory (AND)m
-st Store.
wr - ) Write (actually a "LOAD" command) .~
sL(sR,sU,sD) Shift lef£ (righﬁ, ﬁp, down) .
Add . ref Add reference. |
Link k. I
exp . _ o Expand,:
sA Shift around.

Inputs to the array can be made in parallel by assoclating an input
device such as a photocell with each ﬁodule or by using the shift
around command.

A typical program for Unger's machine might locate lowar—left\\
corners of a pattern; Lower-left corners are located by placing a 1

in all cells (here a cell refers to the accumulator of a module)




...8.. . )
which safisfyifhe'conditions: (a). there is a 1 in the cell, (b) there
are 1fs in the'bélls immediately above and immediately to the right of‘
the cell, and (c) there are 0's in the cells immeéiateiyrto the left,
immediately below and diagonally adjacent to the lower ieft. The

shaded ¢ell of Figure 1.2 satisfies these conditions.

Figure l.é. A Lower-Left Cornetr.

In pfder to illustrate Unger's machine, a program to find lowér—
left corners is given below. The first Eémmand of this program loads
the originél pattern into the a~registef of all éells. In thelfollowing
steps, thé operands R and U refexr to the a—registei of-adjacent cells to
the right and above the cell in question, respectiVely.W'Ih Figure.l.B‘
an example set of data are shown in order to make the execution of
the program more clear. From an examination of Figureui:3<a) it is

clear that cells (5,2) aund (4,5) are the only two lower-left corners.
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1) Vigtta Result in a-register is Figure 1.3(a).

2). mpm R,U,a  Result in a-register is Figure 1.3(b).

395 vl Result in accumulator is Figure 1.3(c).
4) mpy R,U Result in accumulator is Figure 1.3(d).
SRS a1 Result is not shown.

6) sR Result in accumulator is Figure 1.3(e).
7) mpy a Result in accumulator is Figure 1.3(f).

It should be noted that the result, shown in Pigure 1.3(f); has 1's at
the locations which are lower-left corners in the original pattern of

Figure 1.3(a).

e
o | e |

T {13
1] ] et iy
L.!,.J,}l- i1 ' | ..!.]
(a) (b) (c)
% 0 1 FrEsien T4 1
LN L e ANCEPRN R 2 ] A e
'i - ] — - - STL N—— WS S BTG . o
BT 0kt
57 S el o _ !
Rk 9 A s 2 W R P L e B
LBl L PR N ele ok
(@) (e) (£)

Figure 1.3. Lower-Left Coruer Program Results.
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Sevefal programs have been wriften for patterﬁ détection and
recognition using the Unger macﬁine.;‘Some of theée.are degcribed in
referenbe (24).

"1.3.2 Holland's Machine

In 1959 Hoiland(7> described a machine organization to provide a
basis for investigations in computability and the theory, of automata.

The machine fs a two-dimensional array of modules. Each module
contains a storage register, some associated logic and some auﬁiliaiy
regiéters. At:a givern time é module may‘be active or inactive. If the
module is active it treats the content of its storage regisﬁer as an
instruction and éxecutes the instruétion; 'Afte? a module has exeéuted
its instruction it passes its active status on té its succe;éor, which
may be any of its four nearest neighbors in the.array. Thus, sequences
of instructions are arranged spatially thyoughout’the ArTAy pf modules,
with an arbitrary number of sequences being executed ét any giveq time.

Each cycle.ofzﬁhe machine consists of three phases. In the first
phase, module storage registers may be set to values provided by’
an external source. In the éecond 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 medules are executed.

In ganeral; the Holland machine requires a iarge amounf of hardware

to accomplish veascmable computing tasks. Tt is extremely difficult to

program the machine so that more than a very small percentage of tha
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modules are active at one time. In light of these problems a modified
(2)

version of the Holland machine was described by Comfort =’ in 1953e

1.3.3 Comfort's Machine '

Comfort's version had basically the same organizaticn as the Holland
machine. The machine described:by Comfort is a fixedjsizeqrectangular
array of modules. At one side of the'arra& are a set pﬁiarithmetic
.units called A~bo%es. The array modules provide stordage for data and
instructions, communication with and between the Arbo?es,'and sequencing
of iﬁstructions. The A-boxes do all arithmetic and logical computations.
There is no central control unit: each module e#ecutes 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
successgive modules as iﬁ the Holland machine. )
'Comﬁort concluded that compared wifh Hollan@'s machiﬁef his

organization results in:
1. Programmability improved by several ordérs
of magnitude.
Z. Reduction in amount of hardwafe by a factor of.five.
3. Hardware utilizatican improved by a'factor_of.fﬁreé.
4. System performaﬁce deéraded somewhat. (Becaﬁse-éﬁly one
program sequence per A-box can be executed at 6ﬁe time.)
1.3.4. “Gonzales' Machine ' .

(5)

Another medified Holland machine was proposed by Gonzales .

© .1t consists of three layers of modules with each layer being a
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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

n

lotnick,

v

Network) is a parallel computer which was introduced by !

‘ SR E90 §
Borck and McReynolds ’ in 1962.

ON consists basically of an array of processing elements

The SOLOM
and a central control as shown in Figure 1.4.

CENTRAL CONTROL

——an)
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Each of the processing elements has 4096 bits of core Sto:age and
the capabilities reqhired.tO'perform serial-by-bit arithmetic and
logic. WO;ds in the'proceséing elements ma§ be varied from one to 128
bits. A procesfing elément may transfer data serially to.and from
its four nearest neighbors in the array. .

A later version of the SOLOMON<17)

had a faster cloch 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 Computen

A direct descendent of the SOLOﬁdN,'the ILLIAC TV computer(%);
consists of 256 processing elements arranged in four SOLOMON-type
arrays of 64 processors each. Each processing element has 2048 words
of 64~bi£ memory -and e%tensive srithmetic capability. There is a
common control unit which decodes instructions and generates control
gignals for all processing elements in tﬁe afray.

The ILLIAC IV is supervised by a large general purpose-compﬁter
which controls the ekecution of array programs, conducts input and out-
put processes and performs independent data processing £asks,

The ILLIAC IV is currently underx construction by the Burrougﬂs
Corporation. A large’nuﬁber of feports which describe various aspects
of the ILLTAC IV have been issued by the Univefsity of Illinoils where

much of the design work is being done.
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1.4 Relevance of Previous Work

Tﬁe'Specially~qrganized'COmputer,to be described'in this theésis
.draws both on the'micrécellular work and the macrocellular work which
has been done.

Previous microéellulér work is responsible for the'gqqgept ef.
incorporating as much as posgsible of the'structure of the'pfoblems, for
which the computey is designed, into the array interconnection. The |
use of parameters to modify the interconnection structure ig suggested
by Minnick's cobweb array.

The contributions due to the macrocellular work are somewhat more
obviéus than those for the microcellular. Unger's machine suggests an
arrvay structure controlled by a central control unit. However, Unger's
cells had limited arithmetic capability sincevhis machine was internded
for pattern detection. ‘}ollaﬁa introducgq the idea of locél control in
the cells.. While some local control seems advantageous;~tha use of'
purely loéél control has not proved to be Vefy effectivea.

The basgic structure of the proposed computer is similas to that of
the SOLOMON with an array of processing cells under the.é;ﬁ£rol of a
central control unit; Differences arise in the types of ceils used,
the interconnection structure for the array and the size gf the system.
The SOLOMON and its descendent thé ILLIAC 1V afe largemé;alé.systems.
The designers of Fbe ILLTIAC IY,‘fpr gxamﬁlﬁj are now cggsidéring
the use of one of tbe'largeét computers currently available (the CDC

.

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

1.5 Organization of Reémaining Chapters

Chafter'Z discusgeg the Kalman filter. This discussion is
presented to acquaint the reader with the types of operations which
a specilally organized computer should be able to perform efficiently.
No new material ig presented on the Kalman filter because it ig
intended to serve only as an e%ample= Aiso included in this chapter.are
algorithms for the multipliéation 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 matrii operationg efficiently.

A computer program is given in Chaptér 4 which proﬁﬁdés a détailed
simulation of the computer described in Chapter 3.

The concluding Chapter.5 givés a comparison of the computer des-

cribed in Chapter 3 to more conventional computers.




Chapter 2

THE KALMAN FILTER
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2., The Estimation Problem

A uniformly sampled discrete model of a linear dynamnic system

without control or noise inputs is given by
x (kL) = ¢ (et k) x (k) : (2.1)

wﬁere x(k) is a state vector representing the state of the system at
time RT, T being the sampling period, ¢{k+1l,k) is the system transi-
tion matrix and x(kx+1) repreéents the state of the system at time
(k+1)T. |

Equation (2.,]) represents the case of perfect predictability.
The state x(k+n) at time (k%n)T may be determined éxactly based only
on the state vect&r %x(k) and the transition matvix ¢(kitn,k). No
information about states preceeding or following é(k) is required.

1f external additive noise is applied to the system, equation (2.1)

‘must be modified to

x(kt1) = ¢ (kt+l,k)x(k) + T (k+1,k)w(k) (2.2)
where w(k) is a random vector sequence representing neise and P(kt+l,.k)
is a known matrix indicating how w(k) affects each component cf x(k+1).

In most systems the state wvector x(k) is unot divectly cbserved.

Instead, a measurement z(k) which is related %o (k) by the ueasuring

sysltem H(k) is observed. The relatién bétween z{k) and x(k) is
desnrvibed by |

z (k) = H(k)x(k) . ~(2.3)
whare ﬁ(k) is a known matrix describing(fhe n?eraﬁion of the measﬁéimg

systerl,
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Since no measuring system is free of noise, equation (2.3) must
be modified to .

z(k) = Hk)x(k) + v(k) : (2.h)
where v(k) is the noise vector sequence associated With the measure-—
ment of x(k). . ' .

.The problem is: Given the system and measﬁrementﬂmodels, (equalions
(2.2) and (2.4)), some statistical properties of the noise and the past
history of measurements, what i1s 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 A -

2.2.1 Introduction

The Kalman or related filters such as least squares, maximum
likelihood of Bayesian estimators, are often used for stats estimation
of a dynamicusystem, " 8ince all reduce to the Kalman form under
assumptions of gaussianess of random sequences and first. oyrder

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

Also.,

td

since smoothing is not often done and the filtering or prediction

problems involve an identical algorithm, thét aigorithmewill be gmpioyed;
Very breifly, the state of a system is a vecicr quaﬁtjty which

enccdes all of the system history that mneeds to be known for a parti#

b

. AN .
2ular purpose“( 22 J.
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" In general, it.cannot be'determined.or-predibtéd exaéfly due "“to
measurement noise, random inputs to the system.or incomplete knowledgé
of the system parameters. 'To avoid the identification problem and its
eﬁposition, 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
éystem parameters and noilse statistics.

2.2.2 The System Model

The discrete system model is described by -
x(kFL) = ¢ (ktL, k)% (k) + T (kt+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, ¢(k+l,k) is‘the systen
transition matrix, z(k) is the m-dimensional obsgrvatién vector, mn,
H(k) is a matrix describing the operation of the measuring process,
and v(k) and w{k) are vector Gaussian noise sequences.

The mééns and'GOVariances of v and w are

Blv ()]

0 for all k ’ C(2.7)

i
o

,E[w(k)j : for.-all k . . : (2.8)

covlw(k)]

.E[W(k)w‘(n)]‘=‘5(k=n>§(k)

for lall kyn , (2.9)
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covlv(k)] = E[v(k)v'(n)] = §(k,n)R(k)

for all k,n ' (2.10)
where §(k,n) is the Kronecker delta.

It ig usually assumed that no correlation exists betwzen noise
driving the plant and noise in the observation system. Should such
correlation exist, a covariance matfix is given as

cov[v(k)w(n)] = E[v(k)w' (k)] = 6(k,n)C(k)

for all k,u. (2.11)

_Appropriate filter equations for non-zero C(k) can be found in

reference (3). For the discussion and example to follew, no correlarion
is assumed and C(k) = 0. Also ¢(k,k-1), I'(k,k-1), 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 %(0), z(1), ...z(k)

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

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

state vector =x(n). WNotationally this is shoWn és‘ﬁ(nik) and is read
as ‘the optimal estimate of x(n) éiven observations up thgé;gh time
kT". TFor filtering, n=k; for prediction; n>k, most usually n=k+i.
The prediction‘problem for n=k+l (which is compqtationally identical to
thé filtering pfoblem) will be discusséd.
The estimation error is defined as
X(HL]K) = x(etl) - 2 (kL |k) (21D
and éhe measure of performance is the mean squared error, which {s the |
sum of variénées in the case cof anvunbiased éstimator sugh as the

Kalman filter.
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e = BI¥ (141 1) ¥ (k1 [x) 1.
In terms of the covariance matrix of Q,
£ (kHL]K) = E[¥(kH1 KD (kb k) ] C O (2.14)

the méan squared error can be expressed as

o2 = tzl (k1 |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

%(kHL[K) = ¢ (tT, %)% (k|k) L 216
$(klk) = 2(k|k-1) - G(r)[H(k)&(k|k-1) - =2(k)] (2.17)
Gk) =" (k|k=1)H" (k) [H()E (e [k-1)B" (&) + R T (2.18)

2(k|k-1) = ¢ng-1)z(k—1ﬁke1)¢'(k,k-l) + r(k,k—i)ngQJ)r’(k,k—l) (2,19

E(k|k) = [I - GGIHK)IT(k|k-1) (2.20)

where G(k) i1s a matrix called the optimal filter gain matrix. The

filtered estimate of x(k) is %{kl|k) and the predicted-QSEimate is

2(k+l]k), It is worthwhile to interpret 2.17 as showing the filtered
value to be the predicted value modified by the gain m;%Fix times the‘
difference between predicted and actual observafion.

As indicated in the equations, %(k+1!k) is a processed version of
ﬁ(k|k~l), updated by_the most receﬁt observation é(k)‘, It is not

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

5(0), z(1), ..., z(k-1). All relevant information contained in these
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observations 1s contained in the vector 2(klk—l) and matrix

2(k|k-1). It is this recursive nature that makes the Kalman end
related filters computationally attractive.

2.2.4 Computation

To start the computation, initial value Q(OIO) for the state
vector and Z(OIO) for the covariancg matrix are assumed. These
choices having been made, Z(lIO) is calculated according to equation
(2.20) and G(1) is calculated according to equation (2.19}). The
estimation %kl|0) is then determined using equations'(ZJj).aﬁd (2.18).
Z(llO) and %(1|O) are then used along with the next observation z(l)
to determine Z(2|l) and 2(2‘1}, and so on.

The éomputatiéﬁs'involVe sevefél ﬁétrii édditions, Sﬂbtrégtions
and multi?liéétioﬁs and the inversion of éne matrin for gégh BBservaw
tion time. For this reason a machine which is used ko pe%fqrm the
Kalman filter algorithm should be able téndo these ope;ations on
matrices efficiently. The next sedtion describeé‘an aigorithm for the

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

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

given in the succeedinz section,

2.3 Matrix Multiplication Algorithm

In this section an. clgorithm for the multiplicaticniof two

matrices using an array-structured computer is given.
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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 gcheme, that two 3 x 3 matrices A and B

are defined by

3y 8 2 by b, by
A= 34 a5 a6 B = b2 h5 b8
8; 2g 3 b3 Pg b9J

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, +f A is multi-
plied by B, the result, call it C, is given by

+a, b+ a.b_ta.b_ta b 1

ajbytaybotagbs  agb tajbotagb,  ajbota botagd,
C = AxB = a4bl+a5b2+a6b3 a4b4+a5b5+a6b6 a4b7+3508fa6b9

a.b,+ab.+a b, - a.b,+ab.ta b, ab_ta b, ta b J .
771 98°27 9973 #7°47°8°5 %6 U777 %878 "g”
» . ’ ,.th
The symmetry of this product can be seen by comparing the ij
. ..th o . . .
element with the ji 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 glear all
registears and load the matrices A and B into the array. After the
matrices are loaded into the array they are shifted accoxding to the

-

following rules.
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A. 1. The.first row of A isAleft alone,
2. The secbnd row of A is shiftéd left one columnn,
3. The third row of A is shifted left two columns,
(Note, in general tﬁe ith row of A is shifted left
i~1 colwmns for i =1, ..., n).
B. L. 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.
(Wote, im general the jth column of B is shifted up
_ J=1 rows for j =1, ..., n)
Once the regisbers have been shifted the multiplication process
can begin. The contents of the A register Qf a cell ére muitipiied
by the contents of the B register of the cell~and the result 1s added

Y

to the contents of the C register and stqyed there, This operation will
be called element mmltiplication.  The contents of the-A and B registers
remain unchanged. Now the contents of all A registers are shifted right
one cell, In o similar fashion the contents of all B registers are
shifted down one «ell. The cycle is nOW repeated. A is element multi-
plied by B and the resvlt is added to C.. A is shifted rigﬂf one cell,

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

{three in the example).
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The operation can be seen moxe clearly as the 3 x 3 example is

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

a. a . ) b, b b7

ay 8y 23 1 %4
A=la, ag 2 B =|bybg by
a7 a8 a9 _ b3 b6 b9

e

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

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

a; a, a3 [bl b5 b9
A= a5 a6 ah B = tbz b6 DT
. b .
a9 a7 a8 b3 bh 8J,
0 0 O
C=]0 0 O

0 0 O

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

[al a, a - lbl b, b
b=\a;aga, B =|by bg by
: |
L% &7 38 ) P3Py Pyl

C = gdb a6b6 a4b7 :

L)
ab, ash, ab
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A is shifted right and B is shifted down one cell.

I

ay 8y a2‘ b3 b4 b8
a, as ac B = bl b5 b9
ag %9 2y b, bg by
3Py 8Ps 23hg
aSbZ a6b6 a4b7
agby ayb, 2gby
iplied by B and the result is added to C.
ay a; a, b3 bA bS
8, ag a B = bl b5 b9
8 %9 %y Py Pg Py
“aﬁiﬁgﬁ éfgwfm wafgm;%
a5b2+a4bl a6b6+35b5 a4b7+a6b9
_a9b3+a8b2 a7b4+a9b6 a8b8+a7b7

A is shifted righ

t and B is shifted down one cell.

b, bg 571
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albl+a3b3 a2b5+alb4 a3b9+g2b8]

¢ = a5b2+a4bl a6b6-'l-a5b5 a4b7+a6b9J ,

§9b3+a8b2 a7b4+a9b6 §8b8+a7b7

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

8, a5 2y bz b6 b71_
A= ag 3, ag B = b3 b4 bg}
8y 8g 29 by Bg By

albl+a3b3+a2b2 a2b5+alb4+a3b6 agb9+a2b8+alb7

C = a552+a4bl+a6b3 a6b6+a5b5+a4b4 a4b7+a6ﬁ9+35b8

La9b3+a8b2+a7bl a7b4+a9b6+%8b5 a8b8+a7b7+ﬁ9b9;

C now contains the matrix product of the original A and B

-

matrices.
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2.4 Matrix Invérsion Algorithm

—_——

In this gection an élgorithm 1s presented for obtaining the
inverse of a matri%g . The algorithm is Gauss's algorithm modified to
make efficient use‘of an array processor. The modifications covsist
of perfqrming operations on all of the elements of a row, column or
- matrix g¢imultanecusly wherever possible.

The algorithm is presented in the form of an APL program. The
program assumes a machine with two memory registers (MS; a righi-~
shifting matrix register (A) with an augmented coluﬁn vector register
(R), a down-shifting matrix register (B) with an augmented row vector
register (C), an adder-subtractor with three matrix registers (AA,

AB and AC) and a multiplier with three matrix registers (MA,  MB and MC).
In the above context a ”matri% register' means an array of repisters
used to store a matrix. The "vector fegister” mgané a stripg of
registers used to stovre a vector.

'fhe program, which is shown in Figure Z.i, 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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As an example of obtaining the inverse of a matrix considex

Gauss's algorithm modified fox the array structure. A 3x3 array is

used for brevity.

Find the inverse of the mabrix

3.0 0.
0.5 1.
.0 0.

Load the matrix into the routing

as indicated giving

0.0 3
0.0 0
1.0 1

Rotate the array, including

right to get

110 O.
0.5 0.
0.5 1.

Invert the last-vow element

1.0

.5

2.0 ’ 1.

0.

Ol

5 1.0

0 0.5
5 0.5

A register and set the row buffers

0 0.5 1.0_]‘

5 1.0 0.5l

0 0.5 o.sJ

the row buffers, one cell to the

0 3.0 0.51
0 0.5.1.0

0 1.0 0.5

of the row buffers giving
0 3.0 O.S] |

0 0.5 1.0

|
0 1.0 ogs_J
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Store the routing A :egistet in memory location 1. Location

1 now contains
0.0 3.0 0.5
0.0 0.5 1.0
Ll.o' 1.0 0.5
Broadcast (by routing) the row buffers across the rouﬁing 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 memoxy 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 conteﬁts of memory location 1 into the ﬁ;ltiply A
reglster and the contents of memory location 2 into thé multiply B
register. Maltiply, and étoré the last row only back into memory
location l.. Lopation 1 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 1 into the rhutiﬁg B )

register, PRotate the arvay, including the column buffers, down one
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cell to.place the bottom row in the columﬁ buffers. Then broadcast
(by routing) the columm buffe?s down thelfouging 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 memoxry location 2 into the multjply A
register. Store the routing B register in memory locatdon 2.
Location 2 now contains

2.0 2.0 1.0
2.0 2.0 1.0
2.0 2.01 1.0 .

Load the contents of memory location 2 into the multiply B
register, Multiply and stére the result back in memory iocatién 2.
Location_2 now contains

2.0 2.0 1.0
1.0 1.0 0.5
‘L4.0'-4.o 5o

Load ‘the contents -of memory location 1 into the addex A register.
Load the contents of memory location 2 into the adder B register.
Subtract, and store all but the last wow of ﬁhe result back in memory

location 1. Tocation 1 now contains

-
2.0 1.0 . -0.51
|

1

-1,0 -0.5 "~ 0.5

2.0 2.0 1.0}
- _ -t
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Load the contents of memory location 1 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 registex back into memory location 1. Location

1.0“
—‘005 ‘

-1.0 -0.5 0¢5J

1 now contains
2.0 2.0
~2.0 1.0
Load the contents of memory location 1 into the routing A

register and get the row buffers as indicated giving oL

0.0 2.0 2.0 1.0
0.0 |-2.0 1.0 -0.5
1.0 1-1.0 -0.5 0.5/ .

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

right to get

a—y

1.0
—‘OAS

0!5

CInvert the last-row element of the row buflexs giving

U 1.0

~-0.5

0.0
0.0

1.0

0.0

2.0

-2.0

-1.0

2.0

2.0
1.0

_045

y

2.0
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Store the.xouting A register in memory location 1. Location 1
new contains 3 |
0.0 2.0 2.0
0.0 -2.0 1.0
1.0 -1.0 -0.5
Broadcast (by routing) the go& buffers acress the routing A

vegister to get

1.0 1.0 1.0 1.0
1 ""O 5 "On5 “Ons “O 5
2.0 2.0 2.0 2.0} .

.Store the routing A register in memotry location-é.‘ Location 2
now contains ) ' l -
1.0 1.0 1.0
-0.5 -0.5 =0.5
2,0 2.0 2.0f .
. Load the contenté of meﬁory location 1 into_thg multiply A
register and the contents of memofy location 2 into thé multiply
B register. Multiply, and store the last row only back into memory
lcgation 1. Location 1 now contains v
0.0 2.0 2.0
0.0 -2,0 1.0

C
2.0 -2.0 ~1.0
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Load the contents of memory location 1 into the rquting B registex.
Rotate the array, including the column buffers, down nne cell to place
the bottom row in the column buffers. Then broadcast (by routing)

the column buffexs down the wouting B register to get

2.0 -2.,0 -1.0 . P
Load the contents of memory location 2 into the multiply A

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

2 now contains

Load the contents of memory- location 2 intq the multigly B
register. Multiply and store the resultpback in memo%y'location 2.
Location 2 now contains .

2.0 | -2.0 =1.0
—1;0 1.0 0.5
L 4.0 -4.0 -2.0 .

Load the contents of memory location 1 into the adder A register.

Load the contents of memory iocation 2 into the adder B register;

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

location 1. ZLocation 1 now centains
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-2.0 . 4.0 3.0

1.0 =3.0 0.5
| 2.0 -2.0 ~1.04‘ .
Load the contents of memory location 1 into the routing B
register. Rotate the array down one cell giving
2.0 -2.0 -1.0
~-2.0 4.Q 3.0
1.0 =-3.0 0.5
Store the routing B registgr 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 1 into the routing 4 register
and set the wow buffers as indicated giviﬁg
0.0 | 2.0 -2.0 =-1.0
0.0 —é.O 4.0 3.0
1.0 1.0 =3.0 0.5
Rotate the array, including the row buffers, one cell td the
right'to get

-1.0 | 0.0 2.0 =2.0

<
|9
!_1
o
-
<o
1
(5]
<
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Invert the last-row element of the row buffers giving

-1.0 | 0.0 2.0 . -2.0
3.0 0.0 =20 4.0
2.0 | 1.0 1.0 =3.0

Store the routing A register in memory location 1. Location 1
now contains
0.0 2.0 -2.0
0.0 =-2.0 4.0
1.0 1.0 -=3.0 .
Broadcast (by rquting) the row buffers across the routing A

register to pet

~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 2.0J .

Load the contents of memory location 1 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 1. Location 1 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 1 into the routing B
register. Rotate the array, including the column buffers,.down one
cell to place the bottom row iﬁ the column buffers. Théﬁ broadcast

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

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 locatbion 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_logation 2.
Location.Z.nOW contains

2.0 ~2.0 6.0
6.0 6.0 -18.0
4.0 4.0 =12.0| .

Load the contents of memory locatidn 1 into the adder A register.

Load the contents of memory location 2 into the adder B register.
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Subtract, and store all but the last roﬁ of the ‘result back in memory
location 1. Location 1 now contains
2.0 4.0 -=8.0
~-6.0 j8.0 22.0
2.0 2.0 -6.0] .
Load the contents of memory location 1 into the wouting B
register. Rotate the array down ome 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 inverée of the original

matrix.
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2.5 kalman Filter Example

To proﬁide an exgﬁple of a use of the Kalman filter algorithm,
a problem which has been solved by Kolb and Hollister (9 ), usiﬁg
the algorithm is considered.

The problem concerns the estimation of the motion of é target in
‘a plane, given only bearing measurements corrupted By-zéro~mean
Gaussian noise. The observer is assumed to be moving in. the samp plane
as the target. Sequential observations of the bgaring of the farget from
the observer are made and the probleﬁ is to estimate the position and
velbcity of the taréet. Tﬁe observationé are assumed to be disturbed
by zero-mean Gaussian distributed‘errors. While the target veiocity
is aséumed constant, the Kalﬁan theory allows the system belng estimated
to be excited by a ramdon sequence %ith.known nean gnd varignce.
Therefofé, the filter is able to tolerate some:ﬁaﬁeuve¥ing'of the
target,

The target‘motion.relativé to the observer is appro?imated by

x(k+1) = ¢x(k) + I'[w(k) - u(k)], ( (2,21)

where. o is the state transition matrix, W(k) is a vector of random
disturbances with covariance matrix Q, I is the distribution matrix
and u(k) is a vector of deterministic accelerations éf the observer.

An observation.z(k) is determined by

2(k) = HQ)x(k) + v(k) | (22w
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where H(k) describes the measurement system and v(k) represents
the measurement noise and has covariance matrix R.

The solutions given in ( 9 ) can be written as

2(k|k-1) = x%(k~l|k—l) - Tu(k) - | (2;23)

2(k|k-1) = ¢2(k-1|k-1)¢' + TQr! . (2.2h)

G(x) = 2(k|k-1)A" () [H(s) £ (k|k-1)H" (k) + R]™ (2.25)
a(kfx) = [T - GlE(R) Iz(k[k-1) (2.26)

2(k|k) = H(k)R(k[k-1) (2.27)

x*(k]k) = G(k)[z(x) - 2(k|k-2)] + 2(k|k~1) (2,28)

where X(k]k—l) is the estimate of the state x(k) based on k-1
M ‘
observations, x (klk) is the estimate of x(k) based on k observations,

2(k|k-1) is the error covariance matrix for 2(k|k-1), ={(k|k) is the

" .
error covariance matrix for x (k]k), and G(k) is the Kalman gain matrix,

The identity matrix is represented by i. B
A FORTRAN TIVH computer program was written po‘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 shoyn

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 2,28,
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read MANY, I[NCR,
- STDEV, STDEW

¥
print
STDEV

generate Q and R
covariance matrices

¥

"generate
PHI matrix

|

¥

read
P matrix

v

& -

generate
CAMMA matrix

!
]

Q = GAMMA x (O x GAMMA'

¥

reéd first
XSTAR

i

Figure 2,2. Flow Chart for Example Kalman Filter Program




read initial
XOBS and XT
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XACT = XT - XOBS

alculate
RANGE,
SPEED,
COURSE

print
RANGE,
SPEED,
COURSE

rmomeras

9

' ‘ print '
o matrix J/ _

.
\th’wm

Figure 2,2,  (Continued)
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.| XOBS = PHI x XOBS + GAMMA x U

XACT = XT - XOBS|
; N
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compute

observed target
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Figure 2.2, (Continued)




generate
new H
\transformation

ol

PHIT = PHI'

¥
TEMP = P x PHIT
TEMPL = PHI x TEMP
PM1 = TEMPL + Q
HT = H' _
TEMP = PM1 x HT .
TEMPL = H x TEMP

GAIN = [TEMPL + RI™Y

G = TEMP x GAIN
TEMP = G x H

. TEMP = ~TEMP
TEMP = | + TEMP
TEMPL = TEMP'

TEMPZ = PM1 x TEMPL -

TEMPL = TEMP x TEMP2
TEMP = G' .
TEMP2. = R x TEMP
TEMP = G x TEMP2
P = TEMPL x TEMP

E%?

b

[XSTAR = [z - ZHATI x G

C

ol

Figure 2,2, (Continued)
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Table 2,1, Identifiers for Kalman Filter Fxample

Identifier used
in program

STDEV

 STDEW

PHI

PM1

GAMMA

XSTAR
XHAT

X0BS
XT

XACT

ZHAT

Purpose

Standard deviation
of bearing error

Standard deviation of
target exciting noise

Covariance matrix of
target exciting noise

Covariance matrix of

bearing error
State transition matrix

Error covariance matrix
of x*(k k)

Error covariance matrix
of %(x|k-1)

Distribution matrix

Bstimate of x{k) based
on k observations

Estimate of x(k) based
on k-1 observations

State of observer

State of térget

Relative state of target

Actual observation

Estimated observation

Identifier used

in_equations

n(k|x)

2(k|k-1)

x%(klk)

2(k |k-1)

x(k)
z(k)

2(k

k-1)
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Table 2.1. (Continued)

Target exciting noise
Bearing noise
Observer accelerations

Linearized observation
system

Transpose of H -
Transpose of PHI

The optimal filter gain

wi{k)
v(x)
u(k)

H(k).

H' (k)

G(k)
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Figure 2.3 shows & plot of the tracks of the observer, the target

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

example program. An x denotes the

of the target and of

the observer and the initial estimaticn, Each dot on the tracks

indicates £0 iterations. This is done to provide some btime relationship
between the tracks e in kilometers. It can be seen

that the estimation quickly converges to the target track.

W ESTIMATE

-

JSRUSERVER
&

¥
A : oo - 7%
,’...«_A.-_. e TR a s
¥ =

e

R A S SRR L AR R
£ £ e - - 0
s S e e E
, B
4222 il
. 2 __"‘:": eF/’__"

Figure 2.3. Plot of Observer, Target and Estimate Tracks
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Chapter 3

DESIGN OF A CELLULAR COMPUTER
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3.1 Imtroduction

In this chapter a design is presented for a computér which is
épecially structured for the types of operations used in the Kalman
filter algorithm. The basic strﬁcture of the computer is given
followed by detailed descriptions of thé various parts. This computer
will hereafter be referred to as the KF machine.

As indicated in Section 2.2 the Kalman filter algorithm.involvésj.
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 calculatian; should be
abie to perform_them efficiently. Therefore, a computer with an array
structure is proposed. Since not all operatiouns deal with matrices ox
vectors, two typés of instructions are sﬁégested: (1) array instruc-
tibns which perform operations on the matrices or vectors and (2) non-

array instructions which perform operations on sgalars.

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 ana controi registers
and a global control unit.

The array of processing cells pexforms computations involving.
matriées and vectors. This>type of data is stored in the array of

- th

processing cells with each ijth cell containing the ij element of a

matrix,
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GLOBAL = [T COLUMN REGISTERS
CONTROL : -
s
[HNEERS) 11 L
[ °
.
ROY .
REGISTERS | RN
. . b .A.RRA.Y
[y . s
" b o ©

Figure 3.1. KF Machine Structure
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Row and Column data and control registers provide an interface
between thg 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 énd execute them. Non-array -
instructions are executed by the global control unit within its
structure while array instrﬁctions are executed by the array of pro-
cessing cells under the coptroi 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 qonvenfions used for logic gates and for logic equations.

PO

3.3.1 lLogic Conventions

The specialized logic units to be de;criged are assuﬁed to be
constructed of basic logic gateg such as are shown :in Figure 3.Zi The
inverted convention for inputs or outputs is in&icated by Figures_3=2{dj
and 3.2(@3 respectively. For logié equations inverted varisbles are
represented by an apostrophe (') following the variable. :The logical
OR operation is represented by a plus siga (+), the logical EXCLUSIVE-
OR by a circled plus sign (@ ) and the logical AND by a dot (-).1'

3.3.2 Tdne~Selcct Gate

The line-select gate shown in Figure 3.3(a) is a three-input
gate which realizes the funciion

z=g «xtg- y
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(a) AND Gate (b) OR Gate (c) BEXCLUSIVE-OR Gate

x —) X = :
oo X Yoy /Om (x + gy}
y—1 Y iz .

(d) Inverted Input (e) Inverted Outpub

N

Figure 3.2. Logic Gate Symbols.
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(b)

Figure 3.3 The Line-Select Gate
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Its purpose is to select, as output z, the x input line if the gate
line g is O or the y input line if the gate line g is 1, When used-
in other figures the gate will be represented as in Figu%e 3.3().
The centex inpﬁt is always assumed to be g and the‘cir;led 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
zZ = X°W

x@w.

This cell was mentioned by Hennie (6) and latex by Minnick

and ' . ¥y
(1k)

—[ w IR

(a) | (b)

Figure 3.4. The Add-One Cell
When used in other figures the cell will be ;eéresented as inn.
Figure 5.4(b).
The beil can be used to form a parallel add—~one cif&uit fof adding

one to an N-bit binary nuimber. 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 onewdimensional decoder array discussed by Minnick
(1k) If the w input to the low-oxrder add-one cell is supplied with
a 0, the outputs yj; will.be equal to their corresponding x;'s. However,
if the dinput is a 1 the outputs Ys will represent a binary number whese

value is one more than the input number.

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 1 dinput is injected into the cascade at a higher-order

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

3 2 1 0
| | !
A e o
! ! ! E
V3 Yo 7 Yo "

Figure 3.6. The Add~ﬁoﬁr Cascade
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3.3.4 One's-Two's Complementor Cell

The one's-two's complementor cell shown in Figure 3.6(a) is a

two-input, two-~output cell which produces the functions

c=a+b
and d=a@b. )
a
/'—
- b +4 -1

i

®

! -

d .

(a) - {p)

Figure 3.7. The One's-Two's Complementor Cell

When used in other figures the cell will be representedfas in
Figure 3.6(b).

' The cell can be used to form a parallel ona'SMtwo'é.f
complementor circuit for N-bit binary numbers. N cells are connected
in a cascade with parallel inputs a; from the N~bit binary numbey as

shown in Figure 3.8. 1If the b input of the low-order cell is supplied

with a 0 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 1 the d;

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

— — — — T 6 o o VDO . __O/l

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

3.3.5 Gomparator Cell
. Much of the WOIk‘on éomparator clrcuits hag beén done.by people

suﬁh as Lee ( 10 ) and McKeever ( 12 ) who were conéérqed with

- associative memories.

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

output cell which produces the functions

i

e ¢ + ab'-d?

and . f=ad+5bac'

It
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Figure 3.9.- The Comparator~Cell

When used in other figures the cell &ili'be fepresentgd:aslin
Figure 3.9(b).

The cell can be used to form a parallel comparator for comfaring
two N-bit binary numbers A and B. N cells are connected in a cascade
with baralie; inputs a; from the binary number A, and b; from the binary

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

order comparator cell are supplied with 0's.
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N-1 N--2 N-3 0
| | | |
O—'_' © o © JR— ° -——g
o o L4
0 — ° ° LS A, e 6 -~ h
! I ] |
Py.1 Py.2 b3 b,

Figure 3.,10. The Comparator Cagcade

If the binary number A is larger than the binary nuwmber B the
output line g will be a 0 and thé output linme h will be a 1.~ Similarly,
if B is larger than A,.the output line g will be a 1 and the output
line h will be a.O. If the ﬁﬁmbers are equal, bqth output lines will
be 0. .Thus, it is poésible to detect the‘con&itions A>B, A =B or
A<B, The condition A = B is given by the functiéﬁ

k= g'h',

3.3.6 Adder Cell

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

- cell which produces the functions

x@DyDw

It

4

It

and ' n=xvy-+yw+zxw
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Figure 3.11. The Adder Cell
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When 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 npmbers X and Y. N cells are
connected in a cascade with parallel inputs xj from.the binary number
X and vy from the binary number Y, as shown in Figure 3.12; The outputs
z4 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

gupplied with a 0.

N1 Vi1 *m-2 In-2 *w-3 In-3 .7 *o " Yo

[ R I T S

Figure 3.12. The Adder Cascade
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3.3.7 Addexr-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 Bw

vow+ x@g)(w ).

1

and n

d L

=
3
Al
i
KL\ O\
kS
i

f{‘- g
N

\ rrrm e e e i

(a) o (1)

Figure 3.13. The Adder-Subtractor Cell

When used in other figuves the cell will be vepresented ag in

Figure 3.13(b).
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The cell can be used to form a parallel rippie—carry adder~
subtractor:fox obtaining the sum or difference of éwo N-bit binary
numbers X and Y. N cells are connected in a cascade with parallel
inputs x; from the binary number X and y4 fvom tle biﬁary.number Y as

shown in Figure 3.14.

*9-1 Y51 *w-2 Twe2 *y-3 -3 _ “’o ¥
. | I [ L
e
| ! T '
N1 “N-2 -3 I

-

Figure 3.14. The Adder-Subtractor Cascade

The w input to the low-order cell is supplied with a 0. 1If the

g input of each cell is supplied with a 0, the z; outputs will repre~
sent a binavry number Z whose value is the sﬁm pf the input numbers
X and Y. If the g input of each cell is supplied with a 1@ the Z.
outputs will represent tle Aifference of the input nuﬁbexs 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.

O -

Figure 3.15. The General Register Cell

The cell contains a one-bit register whose contente and its
complement appear on lines 1 and 0 respectively. An inpqt'on the.
toggle line T causes the register to ;Witch to l}if it Wés 0 and to d
if,it was 1. The switch occurs on the transition of the.input from
a0 toal.

An input on the clock line C causes the déﬁa.to be fransferred
into the register from the set line S and the reset line R. The éhgnge

occurs on the transition of the input C from &% 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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== 1 S f——] 1 S (et S (=~
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Figure 3.16. A Shift Register Cascade

3 -

An input on the input line I causes the register go be set to the
value of the data line D. This input is used to ;ranbfer data in
parallel-into a string of cells.

Not all registers will require cells with ﬁhe capability of the
general register cell. .HoWever, 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 6utputs‘reqpixed for that particular use
Wiil be shown: A convention will be adoptéd in order to aﬁoid the
necessity of labeling all inputs and outputs for cvery use:- the
outputs will be marked as 1'and 0 and the inpuﬁﬁ %ill be identified by
their position with respect to the outputs. Some examples of cellgxiu

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).
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Figure 3.17. Special Forms of General Register Cell

It should be noted that the éegister cell outputs may be divected
either to the left or to the right. In either case the I input line is
thg line closest to the output ;ide and the C.line is the line
closest to the side with the S, R and T inputs.

3.4 Avrxay Interconnection Structure

In order to descwibe the array interconnection structure for the

proposed KF machine, it will be helpful fiwvst to consider just the

routing portion of the cells. An equivalent treatment ig to develop
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the interconnection structure for pells with just é.roﬁting capabiiity.

Such a routing cell is shown in Tigure 3518(5). The celi cénsists
of two inner repister Cells. I shown in Figure 3.18(h) 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 portheast of
their routing cell. Inner cells II have data inputs from the corres-
ponding inner cells of the routing cells no;th and southwest of theix
routing cell.

One of the control lines into each of the inner cglls selects
the data line té-be used as input to that cell; The otﬁgr line
gelects whether the incoming data is to be routed to the register
within the cell or around it. If it is routed go the regiéter, the
oputput of the cell corresponds to the low-order bit o£ the register and
the input goes to the high—brder bit of the register. If the data is
routed around the register, the output of the cell cor&esponds to the
data on the selected inpuf-line; N

The routing cell has two sets of contwxol line inputs for the
innex cells: the set entering the cell from the top comes from the row
control bus and the set entering the cell frbmiﬁhe right comes from
the column control bus. The comtrol liné‘pas@ing thrdughcthe cellf\'

diagonally from the upper-left to the lower-right selects which set of
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(b)) T Inner ‘Cell (¢} IT Inner Cell

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 1. -This'
control goes to all cells in the array so either all cells are using
row control 1ines.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. Th;ge configur-
ations are shown in Figure 5.20. Cells in which the vegister is by-
pasged 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
bx4 arrays of the celis just described. No particular intercomnection
pattern is assumed at this timé. When a sufficient set of basic
routing patterns has been developed an inferconméﬁtion.pattern incox-

porating all of these can be constructed.




Figure 2,19. Routing Array Control-Line Interconnection
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Figure 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. ¥Foxr all of the intervconnection patterns the registers are

connected together to form long shift-registers. There is assumed to
be one element Qﬁ_gu array of déta stored in each of the inner cells.
The data is shifted fyom cell fo cell along the iﬁterconnection paths.

Figure 3.22 shows an interconnection patterg_for rotat?ng the
data array, stored in the registers of tﬂé I inner cells, to the right.
The outputs Qf the right edge cells connect to tge iﬁputs of the left
edge cells forming a cylindrical'interconnection.

“The iﬁterconnection pattern of Figure 3.23 dis 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 columas take. an active part in
the»routing process. This scheme could be used to pexform a éolumn
interchapge 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
eylindrical interconnection as before. Also ag 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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' Figure 3.24. Rotate--Down ‘Interconnection.
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Figure 3.25 shows in interconnection pattern for rxeplacing the
data avray, stored imn the registevs of the II inner cells kFig;re 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 intercomnection 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 reéisters of!
the II inner cells.
Finally, Figuve 3.27 shows an iﬁterconnection pattern for
replacing the data arréy stored in tﬁe registers of the:l ipner cells
by the transpose of the data array stored in the regiéters of the IT

inner cells.

It should be'ﬁoted that in some cases more than one type of
routing may occur at once. For example it would be possible to votate
the.data'array, stored in the registers of the I’inner cellg, to
the right and at the same time rotate the data arway, stored in the
registers of‘the IT inner cells, doWn;

A 4xd rduting.array incorporating all of the interconnection
patterns just discussed is shown in Figure 3.28. The arfay uses
ro;ting cells as shown in Figure 3.18.

Line-select gates along the left edge of the array.a£e controlled
‘by control line f; these gates are used to direct dakta to the west input
of the I inner cells of the left edge routing cells. The data com;;
from either the exterxnal row inputs b; or from the right-edge line-

select gates.
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Line-select gates along the right edge of tho arra& of Figure 3.28
are controlled by coﬁtrol line g, and these gates are used to direct
data to lines which go to the external row outputs di’ to the left?wedge
line-select gates and to the gouth~east input of the II innef 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 ox from the out-
puts of the II inner cells of the bottom—edge routiag cells.

Line-select gates along the top edge of the array of Figure 3.7Z8
are controlled by control line e; these gates érc'usednim direct datas to
the north inputs of the II inner cells of the Fop~edge_routing cells.
The data comes either from the external column inputs a, or from the
outputs of the II inmer cells of the bottom-edge routing c€lls.

The outputs from the II inmer cells of the bottom-edge routin:g
cells also connect to the right~edge line-select gates, t¢ the north-
‘east inputs to the 1 inner cells of the £$pmedgc routing cells and to

the external column outputs e..
Within the arvay the outputs of the T inmer cells connect to the
northeast'inpuLs of I jnner cells located southwest cf the-given cell-
and to the weet input of ?he I inner cells located east of the given
cell. The outputs of the IT inner cells connect to the_éoutﬁwest in~-
puts of II dinner cells located northéast of the giVen‘celi and tce the
" north inéut of IL inuer cells located south of ﬁhe given cell..
On the left edge of the array in Figuze 3.28 the southwest

~outputs of the I inmner celle zre connected to the northeast inpuls
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of the T inner cells on the right edge of the array and down one row
from the given cell. An egceptiOn is the 1ower~left cell of the array;
the output bf this cell is not used. The northeast outputs of the II
innew cells on thé top edge of the array are connectcd 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 upparwriggt cell of
the array, which has .an unused output. | |

The southwest outputs of the I inner cells on‘the_bptgom edge
of the array are not used and the south -outputs of the Il inner cells
are directed to the top and right line-select gates and to the top
northeast inputs_as mentioned before.

On the right edge of the array the northeast outputs of the IT
inner cells are not uéed and the east outputs of the I inner cells ave
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 ars represented and how

-the arithmetic is handled in the cells.

3.5.1 - Data Representa;ion

The data are represented in floating-point form. A 32-bit
floating-point number consists of a sign (bit 0), a Zéﬂﬁit.binary
proper fraction (bits 1-24) and an excess~64 bage~2 exponent

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

floating~point_fsrmat ts given by Figure 3.29
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+ Fraction (F) Exponent (E)

0 1 2h 25 31

Figure 3.29. Floating-Point Format

where the value N of the number is given by
N = Fx 25764 if the sign is 0

or N =-(l - F) x 2E-64 4if the sign is 1.

For negative numbers the sign bit is 1 and the fractioﬁiié 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.“‘82 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

exponent field is 127 then the fraction is to be muitiplied by
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2127“64 = 263. The exponent field is not complemented for negative
numbers as is the fraction.

A number ig considered to be normalized if: the sign bi£ ig 0
and either bit 1 or bit 2 is a 1, or the sign bit is 1 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 numﬁers may be normalized
regardless df their sign. It does, however allow for. move than one
representation for some numbers. For example, 1.0 may be represented:
by either

0.100000000OOOOObOOOOOOOOOlOOOOOl
oY 0.0100000000000000000000001000010.

Thig flogting point representation‘makes direct comparison of
two numbers somewhat more difficult than some othex representations.
However, the cireuit requiremenfs for implementing this répresen-
tation seem to be less that for others. "

- 3.5.2 Arithmetic

In this section methods of doing arithmetic with the assumed form
of floatingmpoint‘humbers are developed. For clarity the 8&-bit
representation will be used.

As an example of the addition process the gum A + B will be found,
A=2,5and B =-1.25. TIn the 8bit form Qith'an extra silgn bit A and

B are represented by o .

>
i

.00 21010 110

o
=
[N
o]
il

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

this compave the A exponment (4,) to the B exponent (Be). Since B,
is smaller shift the B fraction (Bf) right 1 bit posifiona extending

the sign and increment B, by 1 giving

it

Af 00 .1010 A, = 110

B

it

¢ = 11 .0110 B, = 101
Since A, is now equal to B, the fractions are aligned for

addition. The sum of the fractions is given by

Ce = 0 .00101

where the assumed binary point is now one bit to the left. of its original

position., This is to allow £or possible overflows which may occur ir
the addition. A.i is adéed.to the exponent to account fbr the change
in position of the assumed binary péint. So the exponent is now
| Ce = 1l11. ’
The result can now be nofmalized° To normalize, éhéck for the

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

Cr left and decrement the exponent C, to give

‘Cf = 0 ,01010 C, = 110,

Thberefore C is 1.25. ' - _

As an example of multiplication, %The product A x B will be founé,

where A = -1,5 and B = 1.5. Again the‘§~bit representabion will be

used. - The manbers are given by
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[
it

£ . 1.0100 A = 101

Il

and B 00000.1100 B 101.

A double length register is used for B so its sign bit is extended
left 4 bits,
The fraction portion Gf of the prodﬁct C reéister is cleared to .
The exponent portion C, is set to the sum of A, and B with the high-
order bit complemented to account for the excess—4 exponent repre-
sentation giving
G, = 110.

"The fraction multiplication now consists of adding Be to Cp if the
low-oxrder bit of Af is 1, shifting Af right 1 bit, gxtendiné the sign
bit, and shifting Bf left 1 bit, filling with O's on the rigﬁte if
the low—order bit of Af is 0 the process is the same except that the
addition 1s not performed. This process is repeéted once for each bit
of the Bf 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 Cg = 000000000
Be = 000001100
Ag = 11010 C; = 000000000
B¢ = 000011000
A, = 11101 C; = 000000000
B¢ = 000110000
Ag = 11110 G, = 000110000
B, = 001100000
A = 11111 C. = 000110000
L
B, = 011000000
A, = 11111 c, 011110000
) B, = 110000000
A£ = 11111 C, = 001110000
B, = 100000000
A, = 11111 C, = 101110000
B, = 000000000
Af = 11111 " cf 101110000
B = 000000000
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The norxmalize process is the same as that for pddition giving

C.=1,0111 ¢ = 110
£ e
g0 C = ~2,25;
Other multiplication methods perform the multiplication in
fewer add cycles but require correction of the results depending on

the gigns of the operands.

3.6 Processor—~Cell Structure

The processor cell shown in Figure 3.30 consists of the cell
control unit labeled C, the memoxry address~decoder D, the‘memory'ﬂitj
storage section B, the cell selector S, the cell.routing it ﬁ, the
cell adder-subtractor A and the cell multiplier M. The only data or
control lines shown entering or leaving the cell are those qséociated
with the cell rouﬁing logic. )

There are four address lines that connect thg cell contxol to the
address aecoder. Sixteen word-select lines conﬁect the memory address
decoder to the memory bit-storage section. The storeﬂline 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 addex—subtractor and the cell’mul§i~
piier. Thirty-two write lines are used in Figure 3.30 to conmect-the
cell selector to the bit-storage section of the memory. The cell
aéder~subtractor and the cell mulﬁiplier are each connected to Fhe ceil

selector with 32 lines, while the cell vouting unit is comnnected

to the cell gelector with two sets of 32 lines each.
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Two selector control lines connéct the cell control to the

éell selector. The routing unit, adder—subtracto? and multiplier
each have several control and data lines tying them to the cell

control unit.
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3.7 Gell Memory Unit

The cell memory unit , shown in Figure 3.3L, comsists of two sections,

iﬁdicatgd by D and B1in Figure 3.30.° Thé S§qtion on the left of Figﬁre
3.31 is an addréss decoder while the seé%ion on the right of the figure
is the actual bit-storage portion of the memory .

Thé 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. Fox example if.th@

address lines aj~ag are set to 1011, output line 11 {actually the 12th

line) will be set to 13 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 afranged in 16 rows
of 32 cells each and interconnected as showﬁ in Figure 3.31. The 16
input lines to the array f?om the address decoder serve as word-select
lines. Data is vead from the selected wgrd in parallel ow the 32 T,
read lines. Since one word will always be selected, that word will be
available on the read lines at all times. Thus, no éction other than
setting.up the appropriate address is required td access and read a

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

W, write lines. The content of the selected word is mot changed until

i

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

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

to the write lines and a signal supplied to the store line.
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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 suj

-

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

1 lines,

contents of word 11 now appear on the reac
It would be possible to operate the memory serialliy by using shift-
1

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

o

fa—

«

loing this does not seem worth the extra time wl

1ich would be re
to transfer a word of data.
Figure 3.33 shows some typical MOS circuits (:

. 1 .
3 |

implementing (a) a shift-register stage and (t

< gt g e S e, S G
N "}_F l;‘ P - s l_,.. >'\/ - |
i e i b

- :" [iz -0 [ ’

Q 3 D = Q

Figure 3.33. Storage Cells
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It can be s=zen that.fhere is very little difference in the‘number of
active elements pek cell for the two types of storage. However, the
parallel data paths to and from the memory require more circuitry to
divect than would a serial data path.

3.8 Cell Selector Unit

The cell selector unit § in Figure 3.34 consists of 96 line-select
gates arranged as shown in Fiéure 3.34. The unit has 32 inputs from
each of: the cell routing unit A register (rai), the cell routing‘unit
B register (rbj), ghe cell adder-subtractor C register (ac;) and the cell
multiﬁlier C register (mci). Two contiol lines, selO and sell, are
used to select which of the four input sets is to be trénéferred to tﬁe

output (wi) according to Table 3.2.

TABLE 3.2. Truth Table For Cell Selector Control

se}o sel1 W4
0 0] ra;
0 1 rb
1 0 ac,
i

1 1 mne,
i

The output lines Wy 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 thes register to be stored in memory for a store operation.
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3.9 Cell Routing Uanit

The cell wouting 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, 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 réuﬁing (Section 3.4, and Figure 3.18).

Parallel transfer of data into the vegisters of Figure 3.35 is
controlled by the control lines '"loada' anq "loadb'. Eaxaliel data is
made available to the registers on lines s and~di which are both
.connected directly to the cell memory unit read lines T The contents
of the registers are available on lines a; and bi which are connected
to corresponding ra, and rbi lines of the céll selector unit shown in
Figure'3.34.

Sérial transfer of data into the rééisters is controlled by the
control lines '"shifta™ and "shiftb'. )

Asgoclated with each register are two line-selcct gates. 'Ong of
these is used to select the source ofvserial data to be supplied to the
register. For register A it is eilther from the upper-right if control
kO is 1 or from the left if control ko-is 0. ‘For register B it is
gither from the lower-left if control k3 is 1 or from the top if
control k3 is 0. The other line-select gate‘associated with each
register is used to‘defermine if the data supplied to the outputAlines,
a for registef A and £ for register B, is to.come from the last bit of

the register or from the selected input to the register. In the latter




~101~-

|
PR NN £ 2T TR0 O IR Qg __

PR — . - R ct

s v | R oa S 6 I S IR g

i
b
1‘\ ———
v

et it e 0r) 45

k
-+
ad
k
Fal
oad

._M. O o
& .‘.A¢.

i




~102~
case the cell register is effectively by-passed. The cell routing

unit is discussed in greater detail in Section 3.4, where the purposes

of the features are described.
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3.10 Cell Addexr-Subtractor
The cell floating-point adder~subtracfox 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 addexr—-subtractor shown is for a 8-bit floating point
" numbers, the circuits extend in an obvioué way to the 32-bit reére—
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 p£oper 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-RB) of tWO‘floating point
numbexrs A and B. . -
ihe alignment section contains a 26-~bit register (shown as 6~hit)
for the sign and fraction ﬁortion of each.of the two numbers (A and B)
and a 7-bit register (shoWn.as 3-bit) fo; the exponent portion of each
of the two numbexs. Two.identical sign bits.are used for each:of tﬁe
fraction registers. The alignment section is used to align the fractions
of the two numbers before adding ox subtiacting. To accomplish this the
alignment éection uses a string of 7 comparator cells, préviously
discussed in Section 3.3.5, to act as a parallel comparator for com-—
paring the exponent portions of A and B. Bot% inputs on the left end of
the string ave tied to Of A clock signal (align) provided’by fhe‘
global control causes the smaller of thé two exﬁonents to be increased
by one and its corresponding fraction to be shif£ed to the .right one

Bit"poéition. 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 émaller
exponent is selected by using the comparator output to inhibit the
~clock signal poing to the register containing the larger eﬁp0nent. The
exponent registers are connected as ripple-~through binaxry counters to
accomplish the exponent inérementing. The fraction registers are
connected asg 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 to the global
control that the alignment is complete’for that cell.

Data is loaded into the A or B registérs in parallel from Fhe
32 a, or bi lines when a éignal‘is supplied to the "loada" or '"loadb”
lines, respec%ively, Tﬁe sign bits are extendea 1eft to £411l the high-
order bit positions of the'regisuers. Thus, there are two sign bits
(bits. 0 and 1) for each register. -

The addwsubtrac£ section consists of a stri;g of 26 of the add-
subtract cells previously described and a string of seven of the add-one
cells, also previously described. - Tﬁé adder~subtracto£ cells are con-
nected as a parallel ripple-carry adder—subfraétwr. A b is supplied to

. e
the carry-borrow input of the fightmost cell. The addar-subtractor
receives 26 parallel inputs froﬁ eaéh of the A and B registers and has
26 oﬁtputs coming from the sum—difference outputs of the ;dd~subtr§ct

_béllS; fhe additional bit on the left allows fox éossible overflow\

"when the sum of the two fractions ig greater than one.
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" The add-one cells are used to add a one to the eprnent. The
exponent from the B register is used since the A‘and B"é%ponents must
be the same after alignment. The eéponent'is increased by one because
the output of the adder—gubtractor is taken,shifted one bit to the laft
of the input to aliow room for an overflow in the édd~8ubtract process.

The normalize section of Figure 3.36 is used Lo normalize the
result in the output register. This section consists of a 26-bit
registef connected as a shift-register for the fraction portion of the
sum or difference, and an 8-bit register connected as ‘a decrementing
binary cbunter for the exponent portion of the sum oY difference.

The registers are loaded in parallel from the outputs of the add-
subtract éection when a signal is supplied on the "loadc” line.

To accomplish the normalization a clock signal provided by the
global control causes the exponent to be decreased Ey one and the
fraction to be shifted left one bit. The.sign bit is not changed in
the shifl process. A check-for-normalize circugt detects when the con-
tents of the reglster satisfy the conditioné for a ﬁormalized'number
and inhibit the‘normalize clock. The inhibit Signal can again be used
to indicate to the global control that thé 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 condigion which can occur
when an attempt is ﬁade.to ndfmalize a éumber Which has  an all zero

fraction, Thig additional cell ig set to O when the exponent register
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is loaded. The normalize-zero line of Figure 3.36 that is connected
to this cell can be used to indicaﬁe the unde?flow condition to the
global control.

Outputs from the 25 highuo;der bits of the fractién vegister and
. the seven low-order bits of the exponent register constitute the
32 ¢, output lines in Figure 3.37 which connect to the acy input lines
of the cell selector unit of Figure 3.34. The a; and bi‘input lines to
the adder-subtractor in Figure 3.37 connect tb the r, read lines of
the cell memory unit of Figure 3.31.

3.11 Cell Multiplier Unit

The céli floatingwpoint multiplier shown in Figure 3.37 consists
of a multiplier register A, a multiplicand register B, an adder, a
product register é and normalize logic. The multiplier corresponds to M
of Figure 3.30. As was.done for the adder—subtractor, the multiplier
is shown for 8-bit floating-point numbers. Alsd as before; the circuits
extend in an obvious way to the 32—bit representétion;—

The multiplier register in Figure 3.37 consists ofja QS—bit sign~-
fraction register connected as a shift register which shifts vight and
a 7~bi£ exponent register. When a signal ié supplied oﬁ tﬁe "mloada
line the multiplier register is loaded in parallel from 32 2 lines,
which are connéctéd to the 32 v, read lines from the cell memory wnit.
The fraction portion shifts right Wheﬁ a signal is ‘supplied on the
"mghifta™ line. The sign bit is not'inclﬁ&ed;in the shift'éo the )

siegn 18 extended in a shift.
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The multiplicand regiéter consists of a 49-bit éign~fraction
register connected to shift left and an 8-bit exponent register.

Data 18 entered into thé multiplicand regisgter in parallei from
32 bi linesg, connected to the 32'1:i lines from the cell memory unit,

it

- when a signal is supplied om ‘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-~oxder bit positions of the
registex. The fraction portion is shifted to the left and a 0 is
shifted into the low-order bit when a signal is provided on_thg
"mshiftb" line.

The adder porpion of this multiplier consists of a.string of 49
adder cells, previously described in Section 3.3.6, for the-fracticn
and ‘a séring of seven édder cells for the exponent. The cells ave
connected as parallel ripple~carry adders with a 0 supplied te the
carry inputs of the low-order bit-positiQns'of each,

Inpuis to the fra;tion adder come from the 49 bits of the multi-
piicand fraction register and from the 49 bits of the product fraction
register.. Outputs go fhe 49 bits of the preduct fraction register.

Inputs to the exponent adder come from the seven bits of the

multiplicand exponent register ana from the seven bits of the multi~
plier exponent register. Since the expoments are in an excess-64

representation, adding the A exponent A to the B exponent B gives
e e

(A + 64) ¢ (B + 64 = A + B + 64+ 64 = (C 4 84> + 64,
e e e . e ]
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Therefore, it is necessary to subtract 64 from the resuit. This is
accomplished by complementing the high-order bit of the eﬁponent sum,
The pfoduct register in Figure 3.37 consists of a 49-bit sign-
fraction register comnected 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 oflthe fraction adder when a signal
is supplied on the add-cycle line and when the low-order bii of the
multiplier register is a 1. If the low-order bit of the multiplier
register ig a 0 the contents of the product fraétion register is not
changed when.the add;cycle signal is supplied‘
Data is logded into the exponeni portion of the‘product regisier.
in pérallel from the-seven output lines of the exponent adder when a
signal is supplied on the '"'mloadc" line. The hiéh—order bit is set to O,
The—normalize portioﬁ of the multipiier.includes the predust
register and- the check-~for-normalize circultry. .The normalization is
done in the same manner as for thé adder-subtractor, with the norma-
lize clock being inhibited when the conditions for normalization are
met and with the inhibit and normalize~2ero'lines as outputs to the
glgbal coutrol,

3.12 Row and Column Registers

Along the top snd lefl edges of the array shown in Figure 3.1,

L

are extensionsg of the glebal control which ave used . to -distribute com-

- mands to and data to und from the array of processing celils. 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 sufficlent to discuss the left-edge
unit,

The unit shown in Figure 3.38 contains an address decoder, sixteen
32-bit registers, sixteen 4~bit registers and sixteen l-bit registers.
There is one of each of these registers associgted with each row of the
array.

The address decoder receilves inputs from.the.global control on lines
ay~ay and Selects one row in a manner similar to that in the cell
memory unit. If the line d is a 1 all xows are selected at -once.

The selected 32-bit registers may réceiVe data in parallel from
the global contrel on the 32 W, 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 selectéé registér is,avai;able on the
32 T, lines. ILf the line d is a 1, the result on these lines is
the logical OR of the contents of all 16 wzegisters. The 32--bit
registers are also connected as shift registers which shiﬁt to the fight
when a signal is supplied on the shift Tline s. The input to the high~
ocder bit of each register comes from a line-select gate Qontrolled 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 1 or from the oW
;iﬁe fi coming from the arvay if b is 0. The low-drder bit of the
register goes to the line-gelect gate and to the'ling ti going to the.

array.
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The selected 4~bit register may receive data in parallel from the
global control on the four g, lines. The aata.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 cy lines. These lipes are connected
to the vow control lines digcussed in Section 3.4 on routing logic.

The selected l-bit register méy receive data from the global
control on the h 1ine; The data is not entered intolthe register until
a signal is supplied on the line n. If the line d is a 1 all registers
are set the same.y The contents of the registers are available on the
16 e, lines.j 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 ﬁay be shifted in from
the global contxrol. The shift occurs'ﬁhen a signal is supplied on‘the
line p. The register associated with the first.row is tregted as the

o
oX

2

high~order bit. Data is shifted from this register to the registe
the second row which shifts to the third and so on. Data input to

the first row vregister 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 thé global
control unit which in itself is capable of performing all of the basic
operations of a general purpose computer. Since the XF mechine is a
general purpose bomputer; it can perform any computation. ,HOWeVér,
because of the array of'pr0cessing 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-avray instructions include those which are
executed within the global contwrol unit and instructions‘which perform
input or output operatiems. Array instructions are eéecuted by the
array of processing cells under the supervision of the global éontrol
unit,

Although no formal assembly languagé has been WIiﬁten for the KF
machine, it is expected that most programming Wqﬁld be done using swch
a lzuzuage. A typical instruction for adding matrices iﬁ the assembly
1angﬁage might be.ADDM 1 2 3 which would transfer data from memory
1ocatioﬂs 1 and 2 of each cell to the adder-subtractor in the cell,
perform the.addition and store the resulting sum in mémory location 3
of the cell, Other instructions are easily imagined for performiné a
full set of operations.

A set of micro-instructions was formed Ffor use in the simulatién

progrem in Chapter 4 and is presented thexe. This set of iwstructions
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is not intended to serve as an assembly language for the KF ﬁaching but
rather as a means of controlling the'simulétion'at'the gate level. A
typical instruction in an'assembly language for the machiﬁe would have
the 'sane effect as several of thé micro-instructions. For e%ample the
matrié addition instruction mentioned above might generate the micro-
instruction sequence
| LDAA 1

LDAB 2

SETT 0 80

ALIN S

BDIB 0 02

LDAC -

SETI 0 18

ANOR

BDIE 0 02

STAC 3,
where the micro-instructions are those used by the Simulqtion program
in Chépter 4. |
3.14 Summavy

In tﬁis chapter a design was preéented-for a speciélly—organized,

general purpose computer which is particularly efficient when performing
matrix operations. Section 3.2 gives the overall layout of thé machineﬁ
Section 3.4 describes the interbonnect;on structure and Section 3.51“
sﬂows the ‘structure of the'gellsg Detailed designs for pavt of the

computer are given in Sections 3.7 through 3.12.

N
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Since the computer is designed for efficiency when performing
matrix operations, those parts of the computer which are .directly
respensible for operations on matrices have been considered in greater
detail than others.

The machine. congists of 4 macrocellular arvay 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
just as well be lawger, keeping in ﬁind that for an ¥ x N array, N2
components aré added to the array for each omne that is addgd to a cell.

Since all celle 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 cgmputeé,‘the cost per gate
of the computer should be much less than fér a gonventionqliy organized
computer. Further manufacturing and maintenance gaing are made by the
repetitious use of one pircuit (a cell) throughcout much of the machine.

Judging from the current status of large scale integrated ci?cuit
(1.81) technology aﬁd the predictions for future capabilities in this
area(zo), it is not unreasounable to make eséimations of the possible
hardware realizations of the proposed KF macﬁing. Since a single cell
contains about 1000 logic units with apﬁfoximatgly the same complexity as
a shift register stage, theré.shOUld Ee.somewhat>less than 8000:act}Ve

devices in a cell. It sppears that in .the near future it may be possible

to realize an entire cell of the KF machine with a single LST package.
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Howéver, if this is not feasible there are several logical‘divisioné
of a céll which might beé made in order to break it.into sections which
may be realized; For eiaﬁple, gince about half of the logic of a cell
is deVoted'to the cell memory, it might be posgible to vealize the memory
in one package and the rest.of the cell in another. Cther divisions
might break the Eell into many sections which may be rezalized with
currently available integrated circuits.

In the Kalman filter example discussed in Section_ZéS.rqughly
80% of the computations invclved matvices. Therefore, a..computer
which performs matriﬁ operations more effciently than a conventional
computer should have significantly shorter execution fimes. for this
problem.

In ordef to compare the speed of the pfoposeé KF machine with. that
of a conventioﬁally structuréd computer, some matrix operations will
be congidered.

The addition or subtraction of two N x N mafrices requires one,
add cycle for the KF machine compared with N2 adé cycles for the con-
ventional computer. | |

A matyrix multiplication of two N x N matrices in the KF machine

-

.requires N multiplication cycles, N~1 add cycles and 3N shift cycles.

A shift cycle is the time required to route dats a digsiance of one cell.

In the conventional computer, the matxix multipiication would require

S

N3-multiplicaﬁion cyeleg and N3~N additicn cyclesg.

Using the matrix inversion algorithm described in Seétion 2.4, the

KF machine would vequire 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 hand,

the conventional computer would take N. divide cycles;'Nstz add cycles

3

and N ~N2+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
Subtraci

Multiply

Invert

1 Add cycle
1 Add cycele

N multiply cycles
N-1 Add cycles

3N Shift cycles

N Divide cycles

2N Multiply cycles

N Add cycles

4N Shift cycles

| N2 Add cycles

N2 Add cycles

N3 Multiply cyeles
N37N2 Add cycles

N Divide cycles

N3~N2+N Multiply cycles

NB-N2 Add cycles

Most of the matrices in the Kalman filtex example ave 4 x 4

matrices.. Using the results in Table 3.3 a matwvix multdiplication in the
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KT Machine should be performed roughly 20 times as fast as in the’
conventional COﬁputerL For & 16 x 16 matrix.the ratic becomes
.approiimate;y 250.

Several things have not been taken into acéount in thé calculatioﬂ
of these rough estimates. The'arithmepic units of thebcells 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
undt founa in most conventiomnal computers. On the othex hagd, since
data is stored in a non~destructive read~out memory within the cells,
the time required to fransfer an eﬁtire array of data from memo?y to the
arithmetic units of all cells is likely less than that vequived to
transfer a single word of'data from the memory to the ayithmetic unit
of the convéntional computer. -

If the KF machine is assumed to be éO times as fast as the
conventional for matrix opérations5 a problem in which these operatioég
consumed éOZ of the computation time would rxun roughly four times as
fast on the KF machine ag on the conventional and less than 20% of the
time would be used for the matrix operatioms. It is assumed here thaﬁ
the non-matrix operations are performed at the same rate in eitherﬁ
machine. If the KF machine perférms matrix opérations 100_times as
fast, a problew in which these operations requived-S$0% of the compu?ation
time Would run about ten times as fast dnd ﬁhé matrié operations Woulﬁ

consume less than 10Z of this time.
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4.1 Simulation Program

In order to verify that the proposed array interconnection struc-
ture and cell logic will perform the oferations foriwﬁich they were
intended, a detailed simulation program was written. The program was
written in SYMBOL, an assembly language for the 3DS 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 te 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 tﬁe design of the XF machine

may be checked by modifying corresponding parts of the simulation

program. A flow chart of the simulation program is given jin Figure 4.1.

To dinitialize the simulation, all of the meﬁééy areas for the
cells and the load-location counter, calied LOADLOC, are set to ZEeY 0.
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 lmd an instruction,
LOADLOC is incremented by one, a card coﬁtéining the instruction is
reéd and a copy of the card is first displayed on the line printer.

. It is then stored on airandom access disg, usipg LOADLOC as a recorxrd

address on the disc. - A disc is used in the simulation as the program
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storage memory of the global control unit in order to conserve core
storage for othef program data. After the iﬁstruction 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 FEICH
INSTRUCTION block of Figure 4.1. To begin the execution of an
instruction, EXCLOC is incremented by one, and the instruct%oﬁ is read
from the disec usinglEXCLOC as‘a record address on the disc. Once read,
- all blanks’are removed from the instructioh‘and it is left-justified
in the instruction buffer. If the instruction jﬁst read is‘the léét
‘instruction, the simulation is terminated.

As indicated in Figure“h.l, theAinstruction is compaved with
each of the 1list of non—afray instructions shown inATablé 4,1, If the
instruction is found in the list the simulation pragram branches to
a foutine which executes the instriction. There is a sepérate routine
for each of the non—array instructions. As an example of a non-array
inst;ﬁction, consider the branch instruction, To execute & 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
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Table 4.1. Non-Array Instructions Used in Simulation.

Instruction
buMp X Y
INVR X
INVC X

RBON

RBOF

CBON

© CBOF

GLOY
GLOF
RTON
CION

RIOF

© CIOF

TRON
TROF

BDIB X YV

BI'WD XX
BBAK XX

SETL X YY

" Purpose

Dump memory location (X,Y),
Invert row buffer X.

Invert column buffer X,

~ Set the row register feedhack line to 1.

Set the row register feedback line to 0.
Set the cclumn register feedback line to 1.
Set the column register feedbac& line to 0.
Set the global roﬁting control line tc 1.
Set the global routing control line to 0.
Set the row input control lime t; 1.
Set’the column input contrél line to I.

Set the row input control line ;; 0.

Set the column input control line to 0.

S5et the transpose control line to 1.

Set the transpose control line to Q.
Decrement index X, if result is not greater than
zero, branch bgck 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 Fforward 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.
RCAM X Set all routing row controls to the value X
CCOM'XAY : _Set routing column control ¥ tg the value Y.
CCAM X Set all routing column controls to thé value X.
" INRO . Enput data o the row buffers.
.OURO Output data from the row buffers.
INCO Input dataAto the column buffers.

0ucCo o Output data from the column buffers.

$$88 stop.
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from the location specified by the new ﬁXCLOC. When thé execution of
a non-array instruction is complete, the simulﬁtion returns to the
FETCH INSTRUCTION procedure as shown in Figure 4.1.

If Fhe instruction is ﬁot fqﬁnd in the list of pon-array instruc-
tions, the list of array instructions shown in Table 4.2 is scanned.
If the instruction is ‘found in this list tﬁe proéedure .labeled
EXECUTE ARRAY INSTRUCTION in Figure 4.1 is entered. If.not, an error
indication'is.given and the simulation skips tn the mnext instruction.

A flow chart for the EXECUTE ARRAY INSTRUCTION procedure is giveﬁ

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-

i/

tion to be exeéufed from Table 4.3. The arguments-associlated with
the instruction are merged into this word and the resullt is stored
in a word called CONTROL. The first argument ié then stored in ADDRESS.
At this point the global routing'control line, calledjéLOBAL, is tested
to determine if row, called ROWCOM, or column, called COLCOM, control
lines are to be used for rduting. The routing Qontrol‘iines for each
cell, called CELLCOM, are then set to the appropriate values.

if fhe instruction being executed is a routing instfuction, the
interconnection structure simulation is now performed as shown in
Figure Gob, if not, the program skips ahead to the processor cgll

scanning portion.
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Instruction

LDRA
LDRB
LDAA
LDAP
LDAC
LDMA
LDMB
LDMC
STRA
STRB
STAC
STMC
ALIN
ZERC
MADD
ANOR

SUBT

MNOR

SEMA

STMB

X

X
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Table 4.2. Array Instructions Used in Simulation.

Purpose
Load routing A register from memory location X.
Load routing B register from memory location X.

Load adder A registex from memory location X.

Load adder B register from memory location X.
- Load adder C register (add}.
Load multiplier A register from wmewmory location X.

Load multiplier B register from memory location ¥.

Load multiplier C register (add exponénts).
Store routing A register in memory location X.
Store routing B régister in memory location X.

Store adder C register in memovry location X.

Store multiplier C register in memeory location X.

Pulse the adder élignment clock.

élear multiplier C (fraction) register;
Pulse the multiplier add cycle-clock.
Pulse the adder normalize clock.

Load adder G.pegister (subtract).

Pulse the multiplier normalize clock.

Shift the multiplier A register right

Shift the multiplier B reéister left;.




SHMAR

RTAO

RTBO

RTAB

L

Ll

LA\l

~130-

Table 4.2. (Continued).

Shift multiplier A and B registers.
Pulse routing A register clock.
Pulse‘routing B register clock.

Pulse routing A and B register clocks.
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Table 4.3. Array Instruction Control-Line Settings

Instruction

LDRA
IDRB
LDAA
LDAB
LDAC
LDMA
1.DMB
LDMC
STRA
STRB
STAC
STMC
ALIN
ZERC
MADD
SUBT
ANOR
MNOR
SFMA
SFMB
SMAB
RTAO
RTBO
RTAB

SELO

SELL

STORE

'ARTLOAD

ARCLOCK

BRTLOAD
BRCLOCK

TEMP

|

00010000
00000100

00000000

00000000
00000000
00000000
00000000
00000000
00100000
01100000
10100000
11100000
00000000
00000000
00006000
00000000
00000000
00000000
00000000
00000000
00000000
00001000
00000010
00001010

Control Iines

ALOADA

ALOADB

ALIGN

ALOADC

A ABSLINE

NORMCLK

MLOADA
MSHIFTA

000000060

00600000
10000000
01000000
00010000
00000010
00000000
00000000
00000000
00000000
00000000
00000000
00100000
00000000
00000000
00011000
00000100
00000000
00000001
00000000
00000001
0000C000
00000000
00000000

MLOADS

- {MSHIFTB

IMLOADC

§7EROMC

MADDCYC
MNORMCLK

ooooéo
000000
000000
000000
§[elolelol)
000000
100000
001000
000000
000000
000000
000000
000000
000100 -
600010
000000
000000
{00001
000000 "
01.0000
01.00Q0
00C000
000000
Q00000
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To simulate the interconnection structure, two auxiliary data blocks
" celled INBIT and OUTBIT are used. These blocks each have 54l bits of

storage in the format of Figre L4.5 where A represents bits associated

A B C Do

0 255 256 511 512 527 528 543

Figure L.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 precedoence
order, C reéresents bits associated with the row buffer routing registers
and D represents bits associated with the column buffe? routing registers.
The INBIT block represents those bits which abpeér as inputs to the
corresponding routing registers. The QUITBIT block represcats those bite
‘which appear as outputs from the corresponding r;utjng fegisters.
Since it is possible for the fouting registers, themselves, to be
by-passed in some cel;s,.the INBIT and OUTRIT blocks do not necessarily
represent bits which would be shifte@ in ér out, respectively, of the
registers. For thi; 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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The first step in Figure 4.6 1s to set the outpul bits of the
row and column buffers. Since these registers cannot be,by~passeé,
the output.bits afe just the low-order bits of the registers.

Next, the input bits for the row énd column buffers are set.
The sourcé for. the input bits depends only on the value of the
transpose control line, called TRANSP, the row buffer feedback line,
called ROWBACK, aﬁd the column buffer feedback line, called CCLBACK.
ROWBACK and COLBACK determine 1if the inputs to the ruw. gnd columﬁ
buffers are to come from the array or are to be fed pack from the
outputs of che row and column buffers themseives. If the latter is
the case, data will just cycle within the registers of the.gow and
column buffers as the fouting is perforﬁed. The input bits are set
by selectiﬁely transferfing bits from fhe OUTBIT block to the INBIT
block according to the values of TRANSP, ROWBAC&, and COLBACK.

The next step is to form new two-bit variasbles AéON and BCON by
combining TRANSP with ROWINP and COLINP respectively. ROWINP and
COLINP indicate whether or not data are to be transferrved from the
TG7 oY célumn-buffers to the array in a routing pperation. ACON gnd
BCOW 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 scannped t5 do this. The first
step in the scanning loop is to find the input bit for the routiné‘A

register. ACON along with CELLCOM for the current cell are used, with
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the exceﬁtion of the by-pass bits of CELLCOM, to determine wﬁich of
four interconnection configurations is to be used to fina.the input
bit for the routing A register. After determining the configuration
to be used, tﬂe input bif is found by using the appropriate routine
of ACONFIGO, ACONFIGl, ACONFIG2 or ACONFIG3. The purpose of these
?outines is to-set up a bit address, called BITADR, which{indicatés
which bit in INBIT is to be the input. Since this addres; 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 addreés, called TOADR, representing the
) pOsifion of the current cell is generated. A routine called MOVEBIT
is tﬁen used toimbve the bit of OUTBIT specified by BITADR to the bit
position in INBIT specified by TOAbR.

_ 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 BCONFiGQ,_BCONFIGl, BCONFIG2
or BCONFIG3 is used to find the bit address of the input bit.

Once the input bits have been set up this wa&, the problem of
by-passed cells is resolved. Using the by-pass bit from CELLCOM, the
cell 6utput bits are either left alome, if the cell is by-passed, or
modified, if the cell is not_by—paésed. If the cell is Lo be by-passed
a bit- address, agéin BITADR, corresponding tomthe celi'adﬂress‘is set

up. A routine called GEIBIT is used to get a bit from the bit position
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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‘tpe routing
A register then for the routing B register as shown in Tigure 4.6,
This terminates the cell scanning loop. Now the entire process,
starting with the setting of the input bits for row and‘cqlumn
bﬁffers> 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~paséed, cells which use its outpu£ ag their input will
not receive the correct bit if this is not done.
Referring baék 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 bloc#, called ARRAY, toian area
used by the cell currently being simulated. Park of the data is
storéd 3z bits'per word of Sigma 7 memory to conserve memofy space
hat 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.




—_— S s, | —
i s "
g i
>
\ Rd

15

U




simulat \

&
CELL FLOATI|NC- I“()H:T\f
MULTIPLIER

v
compress

celbhdats

Figure 4,7. (Continued )




Ml

~143-

The next step in the cell simulation as indicated in Figure 4.7
is the setting of control limes. The Variable called CONTROL is ex-
panded to one bit per word to se% all of the cell confrol lines.

The set of control lines énd their use is given by Table @.4; It
should be néted that several of these lines may be set at once. Thus,
for example, it is Pésgible,to shift two registers 5f a cell at the
same time.

The-CELL SELECfOR ﬁnit is now simulated as shown in-the flow
chart of Figure 4.8. SELO and SEL] 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 MHEMORY UNIT SIMULATION.
This routing shown in Figure 4.9 stores the déta on the WLINE in the
- cell memory location specified by ADDRESS if STORh = 1. The data in
the specified cell memory IOCdtlon is oLored in the word repreqentln
.the memory read llnes, called RLINE.

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.thé RLINE if ARTLOAD = 1. Then the routing B
régister, called BBREG, is loaded from RLIKE if BRTLQAD = 1. New.
Qalues of output bits for £he registerslare set in OUTBIT using the

SAVEBIT routine.. If ARCLOCK = 1 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




Line
SELO
SELL
STORE
ARTLOAD
ARCLOCK
BRTLOAD
BRCLOCK
ALDADA
ALOADB
ALTIGN
ATOADC
ASLINE
NORMCLX
MLOADA
MSHIFTA
MLOADB
MSHIFTB
MLOADGC
ZEROMC
MADDCYG

MNORMCLK

‘“llm_

Table 4.4. Cell Control Lines.

" Purpose

First selector control.

Second selector control. -

Memory store.

Load routing A register.

Shift routiné A register.

Load routing B register.

Shift routing B register.

Load adder-subtractor A register.
Load adder-subtractor B regis?er.
Adder~subtrac£or alignment clock.
Load addexr-subtractor C regiéter.
Add/Subtraét select line.
Adder;subtréctor normalize clock.
Load multiplier A register.

Shift multiplier A register. ,
Load multiplier B register;
Shift multiplier B register.

Load multiplier C (exp) registetw.

Clear multiplier C (fraction) register.

Multiplier add cycle clock.

Multiplier normalize clock.
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Table 4.5. Cell Selector Control Line Table

" SELO  SELL PQEQ_Source
0. 0 ' Routing A register
0 1 Routing B regiéter
1 0 Adder-Subtractor C register

1 1 Multiplier C register
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is set in OUTBIT using the SAVEBIT routine. Similarly the.routiﬁg B
register is shifted right one bit if BRCLOCK = 1 énd tﬁe 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.
Tﬁis simulation is deécribed by the flow chart of Figure 4.11. The
adder—subtractor A register is loaded from RLINE if ALOADA = 1, and
the B register is loaded ffom RLINE if ALOADB = 1. If-ALIGNA = 1,
the A and B exponent régisters are compared and if they are not equal.
the smaller one is incremented, and its cotresponding fraction
register is shifted right one bit. If LOADC = 1, the sum, if ASLINE = Q,
or the difference, if ASLINE = 1, gf the A and B fraction‘r;gisters is
loaded into the C fraction registef and the B ¢xponent register plus .-
one 1is lbaded into the C exponeﬁt register. If tﬁe normalize conditions'
are not satisfied by the contents of the C register and NORMCLK =1, |
the C fraction register is shiftgd left one bit énd the C exponent'
register is detcremented by one.

The last-cell component t6 be simulated is the CELL TLOATING-POINT-
MULTIPLiER as indicated in Figure 4;7. A flow chart for thé nmultiplier
simulation is éiven in Figure 4:12.j The multiplier A register is loaded
from RLINE if MLOADA = 1, ana the B vegister is loaded from RLINE if
MiOADB = 1, If MSHIFTA = 1 the.A fraction register‘is sh;fted right

one bit. Similarly, if MSHIFTB = 1 the B fraction register is Shifted
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left one bit.énd a zero is stored in the low~order bit position. The
C fraction register is cleared to zero if ZEROMC = 1. For the add
-cycle of the multiplier, if MADDCYC = 1, ana the low-order bit of |
the A fraction register is 1, the sum of the C fraction register and
the B fractioq register is placed in the C fraction register. For the
exponent portion of the numbers, if.MLOADC = 1, the sum of the A
exponent :egistef and the B exponent'register is loaded into the G
- exponent register and the high~order bit is compiemented, :If the con-~
ditioﬁs for normalization are not satisfied by the conténts of the.
C register and if MNORMCLK = 1, the C fraction register is shifted
left one bit qnd the C exponent registerlié decremented by ‘one.

fhé cell simulation is ndw complete for the current cell. Data
which Were-expanded previOusly fo‘one bit per word are now compressed
back to 32 bits per word.

When the last processor cell has been simulated the simulation
pPrograi returns fo the FETCH INSTRUCTION block of the flow chart of
Figure 4.1, |

If should be moted again éhat in the adder-sublractor and multi~_
plier as weéll as other cell’components the adding, shifting, comparing
and other operafions a?e done at the gate level. Thus, any desired
circuit changes in-these ﬁnits should be fairly easy ro 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 XF machine simulation'
program discugsed in Section 4.1. The sample iz 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 operationsg were simulated in only one tell of the
arvsy. The cell in the last row and the last columa was used.

Table 4.6 gives the sequence of instructions for‘tbjs run. The.
funntion of each of the instwuctions may be foﬁnd eithgr in Table 4.1
or in Table 4.2, The purpose of the sequencé'of'instructions is a8
follows. (1) Set up the routing contxol lines so that data may be )
transferred from the two buffers to the‘last célumn of the array, by-
passing all other columns. (2) Read data into the row buffers. (3)
Transfer the data to the tell 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 1. (7) Load data from.cell memory location O into thé
adder~subtractor A register. (9) Align the adder-gubtractor A and B
registers. 18) Add and normalize the result in the adder-subtractor
C registetr. (11) Store the result in cell memory‘locafion 2. - (12)
Repeat steps 7, & and 9. (13) Sﬁbtréct and normalize the result in.the
adder-subtractor C register. tl4) Store the result din céll_memory ‘
‘1ocation 3. (15) Load data from cell mémory iocation O‘into the

multiplier A register. (16) Load data from cell memocwy location 1




Table 4.6. -Instruction Sequence for Sample Simulation Run

RBON
CCAM
CCOM
GLON
RION
INRG
SET1
RTAB
BOIB
STRA

I'NRO.

SETI

RTAB.

BDIB
STRA
LDAA
LDAB
SET!

o

0 20

0

02

Q= O~ Q

80

ALIN
BDIB
LDAC
SETI
ANOR

BDIB.

STAC
LDAA
LDAB
SETI
ALIN
BDiB
suBT
SETI
ANOR
.BD1IB
STAC
LDMA
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18

02

80
02
18

0e

L.DMB
LD#MC
SETI
MADD
SHAB
BDIB
S5ETI
MNOR
BDIB
STMC
LDMB
LDMA
SETI
SEYI
SMAB
SETI
MNOR

BDIB.

;)

03
18

0z

Table 4.,7. Output from Sample Simulation Run

0,000
06000

0,000
0000

0000
0,000

06000
0000

0,000

0,000

0,000
0,000

0,000
0,000

0.000
0,000

0,000
0,000

0,000
0,000

0000
0,000

0.0C0
0,000

8,000
0,000

0,000
0,000

0,800
0,000

0,000
0000

0,000
0000

0000
0.000

0e0NO
0.000

0,000
0,000

G000

0000

G000

0,000

- 0.000

0000

Qeﬁﬁo
06000

0

STMC 5
RBOF
LDRA 2
LLRE 3
SETI 0
R TAB
BDIB 0
OURO
QUCO

LDRA 4

LDRB 5
SETI 0
RTAB
BDIB O
OURO
QUCOo

388

0,000

- 000

0000
0000

0,000

. 0,000

00

U
. Q00

.

20

02

20

0. 000
10060

0000
4o QU0

0 GO0
36750

00060

=36 750
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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 memdbry lonatiom 1 intO'thé multi-
pliér A register. (20) Load. data. from cell memory locatioun 0 into‘the
multiplier B :egis;er, (21) Multiply and normalize the result in the
multiplier C register. (22) Store the result in cell mwembry

location 5. (23) Set up the routing control lines go thut data may

be transferred from the array to the row and column buffers. (24) Load
data fxom 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 xow and column buffers. (28) Léad_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. (31) Stop. |

The dinput dats fox' this sample run consisted of two column vectors.

Sincé the arithmetic operations were simulated in only dné cell of the
array, all but the last component of esach vector was zero. The last
.component of the first vector was 2.5 and that of the,second was —1,5L
The output from the sample run is shown in Table 4.7. This oulput
consists of foui vectorS.which represent the sum, differance and two
rroducts of the input vectors. Two prod;cts ﬁere‘@akenﬂto illuétraté

that the multiplication of signed numbers does not vequive that the -
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numbers be multiplied in any particular oxrder. That is, either the
multiplier or.the multiplicand or botli may be negative.

4.3 "Results from tHe Simulation Studies

Using the simulation program, all parts of the K machine which
have to do with matrié operations were simulated. These,include the
array of processing cells, the interconnection structure and the row
and column registers. The global control unit was noﬁ simulated
becaﬁse.it performs conventional general purpose operations identical
to those found in existing computers. IHowever, some of the functions

of the global control were simulated in effect if not inm fact. The
tasks of fetthing instructions, decoding them, exccuting non-array
instructions gnd setting control lines for érray instructioﬁs are per-
formed, but the actual logic which would be require& to do these thi;gs
was not simulated. | |

Various runs of the simulation progrém Were'made%'performing
operations such as matrix rotation, column interchange and'transpose.
Thesa runs verified that the proposed interconnection structure and
assoctated routing logic does perforﬁ these operations as expectedt The

game vuns also verify the operation of the row and column registers,

because these are used in conjunction with the routing sjstem(

In other rums of the simulation program, sequences of instructions
ﬁere used which confirmed that all of the parts of the cells fupctioned
propgrly. Data were transferred to and ‘from the cell memouvy and the

cell registers and the arithmetic operations; add, subtract and multiply
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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 aldo allows se—
quences'of.the insfructiOns to be.checked for progrsmming errors.

Since the simulation program represents the operation of the
array portion of the KF machiﬁe at the gate'lé?el, vafiations on the
logical design and the system organization may be checked without
havdware realization. If, for example, it was desired to consider a
different design for the c¢ell 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 rezlization -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 simulatiop program is unﬁsdally slow., In
order to ovevcome this problem the program is cafable of being modified
so that only one cell is simulatedd When this is done it ie necessary
to by-pass the cells of all but the last row of column when doing routiﬁg
operations. This is because the routing poftion of other cells will net
be gimulated. By-passing the cells can be done because this operation
ig done in the interconnection simulation which is indépendent of the
celi simulation.

The simﬁlation process could be spéeded ﬁp somewhat by‘feplacigg

the detailed simulastion of the interconnection structure and some of
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the logic by a simulation which performe the same operations but not
at the gate level., This could also.be. done foyr new sections of the

simulation once they have proved to work properly.
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Chapter 5

SUMMARY AND CONCLUSIONS
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5.1 Introducrion

The'problem conisidered in this thesis is the design of a specially
organized, general-purpose computer which ig agle to' perform any
computatiofi as is a general purpose computer but is hizhly efficient
for Operations.whiéh 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 Dxample

One application for such a computer is the class 5f problems which
involves the use of the discrete Kalmanlfilter. Since the discreté ‘
Kalman filter has many matri# operationsg, this algorithm has been
chosen té serve ag an e%ample of éhe typ; of problem for which the-
computer is intended to be efficient. However, other applications
involving matrix operations would be just as reasonable,

5.3 Cellular Computer

Based on previous work on .microcellular and macrocéllular arrays,
the p&oposed computef cousists of é two-dimensional, squafe érray of
processing cells and a global control unit. The globa% conbtrol unit
containg a memory for stoving instructions and data, an arithmepic»

- i i N
wnit and control ecircuitry Ffor the array of processing cells. Insbruc-

- tions are obtained from the memory of the global contivol unit and
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executed. The execution of an instruction is dome eithey within the

control unit or by the array .of processing cells vnder the supervision
of the control unit.: ‘

The processing cells, themgelves, are each small computers which
share the instruction decoding and. control of the global control unit.
When instructions are éexecuted in the array of processing cells, all
cells receive tﬁg same set of control sigrhals and e#ecute the same
instruction, although each cell operates on fts own set of data.

4
Matrices are stored in the array of cells with the ij”h,element of a.

b cell of the array.

matrix being stored in the ijt

The processing cells each have a memory for storing sixteen 32—
bit words, a flpaping~poiut adder-subtractor, a f£loating-point
multiplier and logic for the routing of data to and from the cell;

Cells are connected in the array with a uniﬁorm intgrcpnnection
structure whichtdlowsﬁata to be transfefred to’and from the array
through a set of buffer registers Which-éonnect the edges of the array
tou the glbbal control unit. Matrices which are stored in the array
may be rotated, skewed or transposed using the interconnection étructure.
Opexations suéh as row interchange aré also possible using this\strﬁc~
“ture.

Since all péoaessing cells in the arvay process data simultaneously
when perforning matrix operations, significant improvements in spzed over
conventiOnallqurganized comﬁuters may be achiéveﬁ with the cellula?

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
computerjwith:a gimilar clock rate.

Each processor cell éontains about 1000 logic units with approxi-
mately the same comple%ity as a shift vegister stage.. In the near
future it may be possible to realize a processor cell with a single
LST package. Since a major portion of the tomputer would consist of

‘these identical packages, the cost per gate of the cellular computer
should be considerably less than for a tonventional computer.

5.4 Simulation Program

The cellular computer was simulated on a cdnventiqnal genefél
purpose computer. The simulation verifies that the logical design and
the machine organization of the cellular computer work. It also allows
modificationsg in the .design of the computer to be tested without making
actual hardware changes. The simulation also provides an e#ample of
the types of instruction sequenceg which may be wfitten for the cellular
comppter.

5.5 Tuture Work’

. Before a complete hardware version of the cellular computer is
attempted, several areas desefve further attention.

One of these areas involves the choice of data represénfaﬁiom
within the compuger, Although gome representationg othex fhan‘the
32-bit floating-point representation were considered, no detailed
study was made of the effects of using tLem. 'éuch a-study WOuld'in€01Ve

a-comparison of the effects of several fixed-and fleating-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.2ffects of variations in the word size.

Other algorithms for .the manipulation of matrices need to be

.

considered.  Among these Wwould.be sevéral matrix inversion algorithms.
Of particular interest is the effects of other algowithms on the inter-
connection and arithmetic gtructures of the coﬁputer.

Since the slowest operation in the ceils is the wultiplication,
further study in the design of high-speed arithmetic units is in
order.~ Other operations may algo be improved. The routing, for example,
may be done in a parallel¥byéﬁyte fashion with some additional circultry.

An assembly language should be developed for the computer and
linked to the simulation program. A complete Kalman filter problenm
should be programmed in this assembly language so that fgequently used
operations could be examined for‘possible further gains in operating
speed. |

A complete cell and its assgciated control circuits should be
constructed of available integraﬁed circuits to determine the feasi~

bility of producing a hardware realization of the euntire computex.




i b

(1

Appendix A

KAIMAN FILTER EXAMPLE

COMPUTER PROGRAM LISTING
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Appendix B

" CELLULAR COMPUTER SIMULATION

COMPUTER PROGRAM LISTING
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LIFERTRAN
COMMON/DATA/DATA(L6E)
.QA%L LFSIM

IFBRTRAN :

' SUBROUTINE INPUT
COMMAN/DATA/DATA(LE)
READ(IOS,105)DATA
CALL T8
RETURN

105 FORMAT(8F10+0)
108 FORMAT(8E1Z.5)

ENTRY BUTPUT

CALL FRaM
WRITE(L08:108)DATA
CRETUYRN .
ENTRY INVERT(N} -
CALL FR8M
DATA(NY =1 /DATA(N)
Call. T8

EMD

LSYMBAL : -
DEF KFS 12, BASKEADR
DEF TIMER
DEF BNCE
DEF BUFFERS
REF INPUTABUTPUTDATA
REF FrINgFeBUTF tRAD
REF INVERT

SET CHM:12:20532:12420 X 2221,0,X'25200104 V2 X352 s AF (1)
EXECUTE  CaM; 12,20 X'6AET,AF (1)

2 H YR

BASEADR EGU %

INSTNUM  E6U 64
- BAUND 8

INSTRBUF RES 20

TEXT tE ERRER!




L

%% ARRAY MICRB=INSTRUCTIBN SET

¥

#LDRA X
*»L.OER X
""L:J/’\r\ )A
*[LDAB ¥
+L.DAC
#[DMA X
*L.DMB X
+#L.DMC
*STRA X
#STRB X
$¥STAC X
#GTHC

LEAD ‘REUTING A REGISTER
LEAD RBUTING B REGISTER
LBAD ADDER A REGISTER
LBAD ADDER B R%GI%T ER
LBAD ADDER ¢ REGIS

LOAD MULTIPLIER A RE
LBAD MU\TI’liL” B RE
LOAD MULTIRLIER ¢ (E
STHRE ; JUTING. A REGLE
STORE RBUTING B REGH
STARE ABDER © i
STBRE MUL¥IPLIER (0 R

L ! )
-1.80-.
INSTR GEN,S»284  XPI0V:F 1IN
GUEN 8,24 Xi1301:16
CDATA INSTRBUF
DATA &0
PUSH GEMN, B 24 X “L‘;vf TRAD
GEN,8:Ph  X'38':16
DATA INSTRBUF
DATA &0
DATA LBADLAC
PULL CGEMs8:24  X'I0':FIRAD
o OGEN: 8524 X'Ba*ulé
-DATA INSTRBUF
DATA £0
DATA EXClLecC
ECHRINST GENSr24  XViat.FiByT
COGEN, 82 X'30':16
DATA. INSTRBUF
DATA &0
MESSAGE  GEN, 8578 X'111,F 1807 a
GEN.Bs24 Xi301516
DATA INSTRBUF
) . DATA 88
EBCDIC TEXT "O123456739ARCDEE | -
CRRER CalLls1% MESSAGE
] START
LBARLAC RES i
EXCLBC RES 1
INDE X RES 16
DENE DATA 0
TEMP DATA 0 -




*ALIN
*ZERC
+MADD

*ANER

#»MNER
*SFMA
# S HE
*GMAE
*RTAG
*RTAD
*RTAB
#RTARB
*

®¥# . NBN=ARRAY

*DUHMP
* INVR
# [NVC
#REAN
*RPB&F
*CBAaN
*CBar
#G[ BN
*Gl aF
*RIBN
*»C 16BN
®»RIAF
*CIaF
#TRAN
*TROF
*BNIR
*BFWD
#BHAK
*8ET T
*BOhZF
*B078
®REAN
¥RCAM
*CCAM
*CCAM
* INRB
=HURE
®*INCH
*0UCH
R R
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N
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p
X
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ALTGNMENT CLBCK

ZERE MULTIPLIER C REGISTER
MULTIPLIER ADD CLBCK

ADDER NBRMALIZE CLBCK
MULTIPLIER NORMALIZE CLBCK
SHIFT MULTIPLIER A REGISTER
SHIFT MULTIPLIE REGISTER
SHIFT MULTIPLIE
REBUTING Ao REGIS
REBUTING B REGIS
REUTING AND .
ROUTING A AND B REGISTER CLAOCKS

f

l

.CLGCK

R
R
T
TER CLECK

g
E

EY
DUMP MEMERY LEBCATIGBN (X.Y)
INVERY R8W BUFFER X
INVERT CBLUMN BUFFER X
REBWBACK LINg 8N
REWBACK LINE GFF
CBLBACK LINE BN
COLBACK LINE BFF
GLLBBAL LINE &N
GLBBAL LINE BFF
RE@W INPUT L. INE 6N
CBLUMN INPUT LINE &y
RBW INPUT LINE OFF
COLUMN INPUYT LINE BFF
TRANSPGSEE LINE B8N
TRARNSPESL L INE OFF -
BACK YY 6N DECREMENTING INDEX X
AHEAD XX
BACK X
SET INDEX X 718 YV
BRANCH DENE ZERD AHEAD YY
BRANCH COBNE ZER® BACK ¥X
SET REWCEN X T8 Y
SET ALL ROWCAM TG X
SET ¢al.ceM X 78 Y
SET ALL celceM T8 X
INPUT T€ RBW BUFFERS
BUTPYT FRBM RaW BUFFERS
INFUT T8 CBLUMN BUFFERS
BUTRUT FREM CILUMN BUFFERS
sTOP

je}

A AND B REGISTERS
3

R
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*%  ARRAY INSTRUCTIBNS
INSTABLE EGU

RT AL
RTRG
RTAB
*

*

BFTABLE
LDRA
|.DRE
LDAA
1.DAR
LDAC
LDMA
L.DMB
LDMC .
STRA
STRB
STAC
STMC
AlLLIN
ZERC

TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT

- A f

TEAT

- TEXT

TEXY
TEXT
TEXT
TEXT
TEXT
TEXT

i TEXT

TEXT
TEXT
TEXTY
TEXT

¥%  ARRAY INSTRUCTI

gaQul

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA

G

TLDRA!
'LDRRP!
FLDAAS
TLDARS
.DACY
"LDMA Y
TL.DMB
H.DMO !
'STRAY
1STRA!
'STact
STMe!
!ALIN'
YZERC!
TMADD !
teysT!
PANBR!
TMNpR!
VSFMAY
TgF MRt
TgMaAR!
'TRTAB T -
TRTBRA!
'RTAR!

BN CaNTREL LLINE TABLE

vl

X110000000!
X1040000C0!
X 100RO00OCH!
X1004000001
X'00100000"
X100020000¢
X100008000!
X1000020001
X120000000!
Xtaoo0o000!
XTAQROOOOO!
XTEOOO000Q!
¥ 100200000

X100001000!
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MADD
suBT
ANER
MNBR
SFMA
SFMB
SMAB
RTAB
RTESG
RTAB
DUMP
INVR
INVC
RBAN
rRBaF
CBON
cBar
GL AN
GLer
RIAN
CIBN
RIGF
cieF
TRaN
TRAF
BD1B
RF KD
BRAK
SETI
BDZF
BDZR
RCp™M
RCAM
cCat
CCAM
TN&E
puURA
INCE
guce
STap
*_

H*

¥

DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

NaN=ARRAY
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXY
STEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
FTEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT
TEXT

NBN=ARRAY INSTRUCTIAN EXECUT]ON
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X100000800°
XT00180000"
X'00040000!
X'00000400!
X100010000t
X'000040Q0!
X'00014000!
X1080000007
X10200006¢0!
XTOAQ0000Q1

INSTRUCT 18NS
IDUMP Y
FINVR!
VINVE!
fREBAN?
IRBpE!
YCRAN!
’CB@F"
YGLBN!
'Gl.ar!
'RIGN!
tcrent.
lRIﬁFI
'cier!
'TRGN!
YTRef!
'BDIB!
'RFWD!
TRBAK!Y
!SETI|
'BPZF!
'BDZB!Y .
'RCamM!t
tRCAMT
FCCeM!
'CCAM!?
'INRG
‘OURA
PINCa!
tpuca!
Vg gdg!




ARGGEN

%
INVARG
INVREUW

“INVCOL

L1:6
SI,D:2

LTeB

B2
BE

BDR,%
SC%.5
SLDs 4

 BDR. 6

SLE,»4

B

DATA
L.127
LWep
STWsp
BnR,7
Bal..10

. SLDsk

Alsi
GTW: 4
BAL243
DATA
PZE: 4
LIs7
LUWap
STW, 2
BDOR,7
[.1:2
ST, 2
EXECUTE
B

l.1+7
LWep
STH, 2
BDR,7
Bal..10
SLDs 4
ATad
STW, 4
RAaL .12
DATH
PZE 4
L1e7
LWep
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4

8
18
EBCDIC,S
F4E
Lwp
w b
i
B=7
16
*10

0 o
16 |
ROWBUFF 1,7
DATA=1+7

o7

ARGGEN

Y

1

INVARG

INVERT

1

INVARG

i6 :
DATAR127
ROBWBUFF=1:7
iR -
0

CaNTray
CYCLE

START

16

COLBUFF=1;7
DATA=1:7
Fw
ARGGEN
P8

1

INVARG
INVERT

1

TNVARG
16

DATA~127




RSN@BN
RBUWRGFF
COLBON
CRLRRFF

GL.OBBN

GLAREFF

ROWEN
ROBWAFF
CBLaN
CSLBEF
TRANSéN

TRAMSBFF

ST\'UE
BDR,7
LI2a2
STW, 2
EXFCUTE
B

Lv.’[.ﬂg
ST'\”JJ 2’

B

[.Te2
STW,

B
LI:2
STW, 2
3
L1s2
STH 2
B
L.1:2
ST, 2

0
CONTREL
CYCLE
START

1
ROWBACK
START

o

REWBACK
START

1
CelLBACK
STAR

O
CelL.BACK
START

1

GLOBAL
CHANGE
START
0
GLBBAL
1 :
CHANGE

'?TART

REBWINP
START
O
REWINP
START
i
CBlINP
START
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BRNDIB

BRMF WD

BRNBAK

SETINDEX

BRNDZR

BRNDZF

+#
INPUTREW &

BALA1O
SLE24%
MTWs =]
BLEZ
SL5:5
[LCW:%
Abiti g5
B
Bal:10
SiLDsdy
AWtip 4
£ :
Bal.s10
SLOs4
Lclf-"; 4

AW b

8
BalsiD
I RAFE
SILLGaB
C; T W X 5
B
MTH, 0
BNEZ
BAL+ 10
SLS: 4
L C (t‘!ﬁ 4
Al P
3
MTW,:Q

BNEZ
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ARGGEN
w8
INDEX: 4
STARY
m24

o)
EXCLaC
START
ARQGEN
w ok
EXCLAaC
START
ARGGEN
WP

&
EXCLac
5TART
ARGGEN

. }928

\'—.’24}
INDEX, 4
START
DONE
START
ARGGEN
o2 d

4
EXCLacC
START
DNBNE
START
ARGGEN
b
EXCLeC
START

DATA=147
REBWBUFFel,.7

$ep
0

CONTRAL
CYCLE




INPUTCEL,

BUTREW

sUTCEL

SETRCEHM

.

ALLRCHM

R R R NS
)

e

R
BAlL213
DATA
17
LWep
STW, 2
BOR,.7
LTep
STk, 2
EXECUTE
B

1L1:7
[Wep
STV, 2
BRNhR,7
Bal;13
DATA

B
L1e7
Liep
STW, 2
Bk, 7
Ral.;13
DATA

R

BALs 1N
SkDa4
SL.5s5
SLD 4

SLE,S

>

8THB 4
BDR:S
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START

INPYT

0

16

DATA=1,7
COLBUFF=1,7
gimp

0

CENTRAL
CYCLF

START

16
HOWBUFF=1,7
DATA=147

. (5“2

JUTPUT

0 '
S8TART

16
CALBUFF«147
DATA=157
Heap
uUTPUT

0

START
ARGGEN
mh

=g

Ly

v b

2
REBWCEM, &
1

CHANGE
START

ARGGEN
730

np

“p8

?

5

15
REWCAM, &
B




SETCCBM

ALLCCEM

TRAPFPT
KFeIM

BEGIN

PRAG

STB
&)

BalL.10
SLDs%
SLLE:S
SLDs4
5LE:5
51.8,5
STR,S
LIseS
STW 5
&
Bal,10
SL0s4

\3L. \\f 5

©SLLDs A

SL9ﬁ5
[.We4
L1:5
STE: 4
BDR, S
STR, 4

-1,

GEN,8epY

DATA
gLy

Cal.1,3

LT:2
rl.-’ '"’

LI@7

STW,2

RDR,7
L1127
C‘Th £2

BORAT7

Ll:2
MT W
CALY# 1
Calis1
Cabis1
CB:2
BNE
LIz2
ST, 2
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ROWCAM
START
ARGGEN
w26

e

=

w26

4

CaLCeM 4

i
CHANGE
START
ARGGEN
=30

"1

v

~28

2

3

15
Cal.caMet
F=1
col.caM
START

X! 50
1

< ¢
\

TRAPF“T

0

LEADLBC
64
RESwy 7
Hoe

819B
ARRAY =127
LR '
XiBR
LBADLAC
INSTR
ECHB INST
PUSH
INSTREBUF
PREG

e
Q

EXCLAC




L.

~-189-
START MTWe L EXCLeC
CAal.le] PULL
EXU TIMER
EXU BUFFERS
l.1:4 0
L1s7 0
LBsp INSTRBUF -7
Ciz?2 Arhot
BE H43 .
- GTB.2 INSTRBUF » 6
Als6 1
A7 3
Clz7 79
h,l__‘E 9 e
LDs2 INSTRBUF
Citsp STEP
BNE B
CALL:@ 3
CWe2 DUMP
B COREDUMP
Cwep INVR
BE INVR RoW
Cle2 INV(C B
BE TNVCaL
CWrp RBGN
RBE RowWRaN
Chlsp RBBF B
BE REWBHFF
CWsp CRay
BE coLBan ' -
CWep CBeF )
BE CoLBa&FF
CWep GLB8N
BE GLegsN
CWep GLABF
B Gl.oBarFr
CWap RISN
Rg ROWHN
Cie 2 CIBN
BE celon
L’v!? RIBF
BE REWOEF
CWep CIlOF
£ cel.arfF
CWap TRQN




W

¥ -

BPraUND

BE
CWep
BE
Cl-'!n 2
R
CMs2
BE
CWNr2
BF
Clsp
Be
CuWs
R
CWﬁr
R
Ch:p
B
ChWerz
C.‘lﬁ[
BE
CWap
8
Ch}c
$3
Chle 2
BE
C‘s'g ’a
ag
CWep
BE
LIe7
OWaep

BAL,30
SLSs4
SLEs 4
L¥s2
BRa2
Q14,3
EXECUTE
&)
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TRAMSON
TROF
THANQJ
BDIR
RRNDTB
BFEWR
BRNFD
RBAK
BRNBAK
SETI
SETINDEX
RDZB
BRNDZ3
BDZF
BRNDZF
INRE
INPUTREOW
INCe
INPUTCEHL,
BURA
BUTRAaW
ouca
BUTCHL : .
RCEM
SETRCEM
RCAM
LLRCBM
CCoM
SETCCOM
CCAM
ALLCCEM
INSTHNUM
INSTABLE:7
5PFUJ\Q
Hep
ERROR

ARGGEN
mié

LN ‘7 B3
ﬁPTARLha7
4

CBNTRAL,
CYCLE
START




LY N

SRR

s
BL.OKS1ZE
N
LBCATIAN
I

J

ARRAY
GLABAL
BITADR
THADR
CHANGE
CELLCHM
*
MEMABRY

RAREG
RBREG.
CENTRBI.
ADDRESS
WL INE
RLINE
CLLINE
MCL INE
caLcen

ROWCOM

BUTRIT

INBIT

COLINP
ROWINP
ROWBUFF

CBLBUFF

TRANSP
ACGN
BCAN
SCONGAVE
RBWRACK
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EQL 14
EQu 16
RES 1
RES - %
RES 1
ARRAY DATA
RES ]19p
DATA o
DATA 0
DATA 0
DATA 1
RES 28

NEN=COMPRESSIBLE CLLL DATA
DOt 16

DATA 0
DATA 0
DATA 0
DATA Q
DATA #)
DATA 0
DATA -
DATA 0
DATA Q
Doi 4
DATA 0
Dat 4
DATA 0
D1 17
DATA 0
na g 17
DATA 0
DATA 0
DATA o)
Da 16
DAY A 0
Day 16
DATA 0
DATA 0
DATA 0
DATA Q
DATA 0
DATA 0




CSLBACV

ALINL
BL.INE
MAL INE
MBI TNE
RAL INE
RBLINE

*

%
DATABLGXK
AREG
BREG
ADSUBBUYT
MAREG
CREG
MBREG
MCREG
MADGUT
HORL INE
INHIBIT
NERMBUT

NBRMZERS

STARE
ALSADA
AL.BADB
AASCLACK
ASHIFT
BSHIFT
ZEROMC
MSHIFTA
MSHIFTH
MNBRMGUT
ALLTGN
ASLINE

CALBADC

NBRMCILLK
MLOADA
MLBADR
MADDCYC
MLAADC
MNBRMCLK |
SELD
SEl]
ARTLBAD

DATA

EGU
Eall
Fau
EOuU
FDU

QL

FEMPPEoolBLE CELL

EQU
RES
RES
RES
RES
RES
RES

 RES

RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES

RES

RES

RESZ
RES
RES
RES
RES

b A e S B D fged b b A gt SR 3R 4ed AR Fn AL $Aia e 3 FIGY (R M) 0 o
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0

RLINE
RLINE
RLINE
RLINE
RLINE
RLINE

oW

N O Y

DATA

Mo b




| A

BRYL,CAD RES
ARCLBCK  RES
BRCLABCK - RES
RES RES
sC0Z SCl.2
3
% )
* N EXEL\JTF
RETURN RES
CYCLE EQL
EXU
L1223
ANI3, 3
Si. ﬁg?
ST, 3
STW, 14
*
®%  SET RAUTING
MT“J?.@O
BE
: L1.7
ISETCAM Lis6
JSETCAaM LBs2
MTW, 0
BET
LBs2
W25
SL%25
AR5
STB: 2
Alsb
BGEZ
Als7
BGEZ
L.Te7
: YW, 7
NOCHANCE EQU
L.1s2
CBs2
B4z
#*
#%  GET QUTPYT
LIs7
LWap
SIb:2

ARRAY
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L

TRUCTIEGNS

‘ADDRT“S

RETURN

CONTROLS FBR ALL CELLS

CHANGE
NBCHANGE
15

15
RBWCAM, 7.
GlLLeBAl
H 2

CBl.CoMs 4

Vi -
4 -

5

CELLCOM: B

m i .

SSETCBM

r~11
[SETLGM
0 .
CHANGE
&

XTAT

-CONTREL,

PAST

BITS OF ROBW BUFFERS

16
REWBLFF =427
e g




L

L

I

®
)

*

i

%
# 3

3

BDR»7
S8 3
[.1£7

STHs 2

SET DUTRUT
L1227
l._ IVJ & 2
SLD:2
BDR,.7
SLL5.3
L1227
SThH 23

LN;L
SlL%2
OR:2
QTHyZ
LWep
51852
GRs2
STH» 2

'LileH

SET INPUT
INTER

CoHN ERLU

L1s7

LHe 2

Als7

SThH: 2
AT+7

MTY 0
BNEZ

LTs6

LH: 2 -
SLDs2
Alat

BGEZ

QIQFB
LW,

‘D'] H;v 2
MT‘;‘“’)O
BE7

g D= L
s

<

ulQh_

S

216

32
BUTBITs7

RITS 8F CALUNN BUFFERS

16
CAOLBUFF«1:,7
~1

5!{:12
=16

33

PUI’)IT’,

REW NP
1
TRANGP
ACHN
CoL NP

1
TRANSP

BCON

16

5T
=3
UJ

FOR ROW AND COL BUFFERS

A

31

BUTBIT,7
2

INBIT,7
#1

f'l A Y ju

=8

TBIT:6

B ‘:D o

3 4t

5
3U
1
1
i

(e O]

3> —
{ -
R~

W=D
T -




Li

)

1..98P
JLBBP

.x_

¥ FIND
*
GETINA
*

#% FIND

INPUT SAURCE FBR RBUTING A REGISTER
B
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e 2 BUTRIT»7
STH, 2 INBIT,7
MTW.0 CelLBACK
BEZ Gl
Als7 1
LLHs2 BUTRIT,7
STHs 2 INBITs7
.17 15
L1s6 15
LWz:5 7
SLEs5 4
BR:E &
LBs2 CELLCBM:B
SILD,2 @4
SLSs3 =P8
AND 2 L.{7)
AND: 3 LA7)
Qrs2 ACEN
BRs3 BCBN
LBsp ACBNF 1G22
LBs3 BCONF 1G53
CSTW.3 BCBNSAVE

F+i,2
B ACBNFIGO
B ACBNF 1G]
B ACEBNFIG2
B ACBNFIG3
STW, 2 B1TADR
LWag 7
5.5 4 4
BRs 4 5
STW, & TRADR
BAL ;& MBVERIT
INPUT seURCE FAR REUT
LWsp BCBNSAVE
B Srlap
o] CBCONFIGO
B BCBNFIGL
B BCANFIGE
B

BCBNFIG3

ING B REGISTER




I A . 1

[

GETINB STW, 2
LWe b
AI!Zw'j
SlLGs b
AR 4
ST 4
BAL:8
%
¥ ACCEUNT F8R BYw
LWe s
SL85
BR:H
LBe?
SI.Ds2
SL5s3
AND G 3
Ci:2
B3z
W2
GL5.2
BR,p
STWs
BAl,
BAL
Ci-
REZ

0 oo b

]

-
(A

LWep
Als?
SlLGs2
AR:p
STW; 2
RAL 28

Ale6
BGLZ
Als7
RGEZ
BDHR242
ROUTING  EQU
.)f. N .
*%  SHIFT RBW BUFFE
L1:5
LH.3
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gITADR

16

&)

6

T @ A D:['-\)
MOVEBIT

~

FASSED CELLS
7

4
&

CELLCBM:S
w7

28

L)

0

T+

7

16

17

&

BITADR
GETBIT
SAVEQIT
=4

JLfipp

# 7]

ILgep
INTERCHN
# .
RS FaR REUTIN
3
INBIT,&
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# ¥

SHIFT

PAST

*
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GET

.x‘

SAVERITY

INTCRCENNEC

-!lT

~

L1:5
LH: 3
LI1:7
LHep
G2
quﬁc

BDhR

£ QU
EXU
MTW, 0
REZ

B

LiWsy
SLbhe 4
SL5.5
LW
Al:8
R 5
Exll
AND . 3
R

LWk
SLLDsu
SL.8.5
Lilap
LIs32
G f'\;,a
LC“?ﬁ
AND 5
G5
EXU
8BTS ¢8
£

el UM

TIGN
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16

ROWBUFF =157

2 l

REBWBUFF=1.7
di a2

BUFFERS FOR RyUTING

33

INBIT:5

16
COLBUFFwi.?7
=]
COLBIFF=127
$3

&
TIMER
CANTRBL.
*RETURN

DEARRAY

STRUCTURE SERVICE ROUTINES
BITADR
I-ﬂ5
w27
INBITs % )
1 o

GCD2
&

L) -

*E

BITADR
w5

wd7

3
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I

MBVEBTT

LWsk
SL&)#
GlL8,h
l.Ws2
Al+5
BR:5
Exu
AND ;2
L,W_i l}
SLDs#
SLG.B
LWs2
LI:3
Sih,2
LCW, 5
ANMD B
BF.5
EXU
STS.2

. B

¥*#  RBUTING A REGISTER RBUTING CONFIGURATIANS

ACENF TG

*
#3  DIAG
ACBNF 160

DATA
DATA

= 0,
LWeP

SLE,2

R
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% DIAG

ACBNFIGH

Als4
RGEZ
Liszg
AR 2
B

= Qs
LWe2
SLS:2
LWak
Alsh,
BGEZ
LT,2
Bnep
B
BRs2

RBWINP = 04
7
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BITADR
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w27
GUTBIT. 4
1
- 4C02
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X
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3
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Xtoooiozoz!
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LWek
AT e 4
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£
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LW P
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AORs P -
B
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%% DIAG
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#% DIAG
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*
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BCBNFIG
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L
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LYz 2
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GET [NA
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GETINA
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#%  DIAG
BCBANFIGE
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#%  GCAN
DOARRAY
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B
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LWap
Als2
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6
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o
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s 7 I
MTs7 N
A{V‘;’ ¥ 7 w.!
MIs7 BLBKSIZE+N+2
Als7 ARRAY
S§TW.7 LOCATIGN

v
kS
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