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Abstract:
This thesis describes a parallel processor whose principal features are a set of primary memory,
arithmetic, and /O planes arranged to form a three-dimensional (3-D) structure.

The memory planes are also used for data manipulation but not for arithmetic operations. The structure
is so arranged that data manipulation arithmetic or logic operations, and I/O operations can be
significantly overlapped. Control, necessary language translation, and non-parallel functions are
performed by a general purpose supervisory machine which is interfaced with the 3-D structure.

An interpreter-simulator called SIM3D has been developed to interpret and execute 3-D instructions.
FORTRAN used along with in-line SYMBOL assembly language were used to write SIM3D.

The 3-D instructions have a five-field fixed format and are strongly correlated with the actual hardware
structure and capability. Ordinary sequential (non-parallel) instructions are also implemented and may
be intermixed in the instruction stream although they are executed by the supervisory machine.

Some popular matrix oriented problems were programmed and executed in SIM3D language; these
programs illustrate the 3-D machine as an effective computation tool for real-time problems and as a
means of gaining more throughput over conventional general purpose computers.

Fault-tolerant computing modes and a system design applicable to the 3-D machine architecture have
been established from state-of-the-aft literature on fault-tolerant design fortified by some ideas peculiar
to the specific 3-D structure.
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ABSTRACT

This thesis describes a parallel processor whose prin-
cipal features are a set of primary memory, arithmetic, and I/0
planes arranged to form a three-dimensional (3-D) structure..

* The memory planes are also used for data manipulation but not

for arithmetic operations. The structure is so arranged that
data manipulation arithmetic or logic operations, and I/0
operations can be significantly overlapped. Control, necessary
language translation, and non-paraliel functions are performed
by a general purpose supervisory machine which is interfaced
with the 3-D. structure.

An interpreter-simulator called SIM3D has been developed
to interpret and execute 3-D instructions. FORTRAN used along
with in-Tine SYMBOL .assembly language were used to write SIM3D.
The 3-D instructions have a five-field fixed format and are
strongly correlated with the actual hardware structure and
. capability. ' Ordinary sequential (non- para]]e]) ‘instructions
are also implemented and may be intermixed in the instruction
stream although they are executed by the supervisory machine.

Some populaf matrix oriented problems were programmed
~and executed, in SIM3D Tlanguage; these programs illustrate the
3-D machine as an effective computat1on tool for real-time

. problems and as a means of gaining more throughput over conven-

-'_t1ona1 genera] purpose. computers

.Fault-tolerant comput1ng modes and a system design applicable
to ‘the 3-D machine architecture have been established from state-
‘of-the-art Titeraturé on fault-tolerant design fortified by some
ideas peculiar to the specific 3-D structure.
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INTRODUCTION
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1,1 On The Evolution of Digital Computers

' Thé.éVO1utionary development of electronic computing machinés
has been strongly influenced by the state-bf;the-art ih_e]éctronics
and other cbhbbnents that make up the maéhine§, coup]ed with the-de-
mands of the app11cat1ons to which the machines w111 be put.

L1m1tat1ons on app11cat1ons of mach1nes have usua]]y reflected

Timitations in the state-of-the-art and a,h1gh cost~to-performance

n

" ratio. Components must be available, dependable, inexpensive, and

reproducib]e with a high degree of uniformity. The history of

' comput1ng mach1nery reflects this state of affairs qu1te c]ear]y

In the evo]ut1on of what are called first generatlon computers,
memories were slow(5) 1 (magnetic druins with 200 ms access time),
arithmetjé units were slow (main]y:fe1ay type logic), and because

of the ekpense general registers were hot in Wide use. In addition,

the size- of the components used in the first generation mach1nes

. and their heat generat1on prec]uded the construct1on of large, fast

mach1nes'W1th ‘great capabilities. ' Such machines were not forthcoming

"unti1‘teéhnq1dgica1 advances led to second generation machines..

Second generation machines had a construction which was

typica11y & tube-transistor combination, thereby making smaller

1. Numbers-in parenthes1s refer to references 11sted in the
B1b11ography
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machines with less heat generation. Memorfeé were faster and
morelcompacﬁ because random access magnetic core memory.héd been.
reéeétly’{nfroduced (5). Input/Output devices became féster and

more reliable, and the use of multiple, general-purpose registers
came about. Speed increases thus made the use of such computeré

for rea]-tjhe; 9n-1ine prob]ems'practical.in some {nstances.
Organizatipha11y, the basic Von Neuman programming cbncept.and memory
a11ocatioﬁﬁconcept were still employed. Machines were serially
organized, and memory was accessed sequentially, oné word at a time.
Data tfansfer;‘between various locations 1n‘memory were also accom-
plished serially; throughput increasés were possible only through
1ncreases_ﬁhfinﬁividua1 element speeds. It was not that parallel
précesSing Was;not'cohsidered.but rather the problem was still one of
excessive ‘element size and the expense of hodu]ar rep]ication;' Examples
(22) of'rea14timg apﬁ]iqétions'are: air traffic control in cohgesteq
areas, the steering of eTectronic radar sysfems, filtering and control
applicatiqns-in-cbmpléx systems, and signal identification of such

nature as fé'éﬁpwn in the Fast Fourier Transform (FFT).  During

" the mid-1960?s;'rap1d advances in solid-state technology occurred,

and the computers constructed during the period profited as a
result. -Thé IBM 360 series came into being as did the RCA Speqtra
70 and the XDS'Sigma éeries. These as well as otﬁe? machines represent

the so-called third generation of cdmputers, and hayé usually the
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same sort of characteristic as the original Von Neuman machines;

that is, a'sing1e processing unit which has access to a sequential

memory; Some spreading of functions throdghout the structure of
the comﬁuting machine was however, becoming evident. Tasks that
previbuS]y.had Been handled by the central processor were noW being
handled by beriphera1 devices, e.g., input/output procéssors were
now doingthata formatting. Multiport access to memory a]Towed

over]appin§ I/0 with other operations. It was also during this

period that multiprocessing gained popularity. The sharing of

resources of the entire machine (memory resources, central processor
resources and input/output resoUrces) between different programs

(Multiprogramming) was employed. This Sffﬁpping away of tasks from

the central processor was indicative of an overworked processor, an

ob?iéus bdttleneék in tﬁroughput. No matter how much the ;peed of
Vihis sing]é:pfbcessor elément was increased,,thereiwere natural
1imitafioﬁ§'onuéxecut{oh speeds. Thus, many workers in the field
became,intéfgsféd in parallel proéessing,.that is, the execution of

more than?oqe:arithmetic or 1ogica1_operation'simuitanéous]y.' The

. idea waé_nbt'barticu1ar1y new,‘but it hadfnot seénjgreat application

in earlier éd@puter designs, principaily due to cost and size problems,

but new teéhno10gy was making modular replication more feasib]é.

Although qértajnTy.not all probTems to.whichione wbu]d;addresslan,-

automaticléé1cﬁ1ating machine have sufficient parallelism inherent
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in them to make a para]]e]-machihe cost éffecfive; there. is a lafge
enough number of such-problems to make the study of paraliel oper-
.afing maéhines a worthwhi]e undertaking. In fact, major portions

of the afofémentionéd applications in radar, signal processing,
control, andffi]tering fall in this category. Therefdre, a large
amount.of jnteresf came about in the design and evaluation of parallel
operating machines. The parallel processors which afe usually

. considered-as milestones in the field are: The Unger Spatially
Oriented Computer (45), The Holland Computer (24), The Comfort
Computer (lzf,_The SOLOMON Computer (44),:The Gonzales Iterative .
Circuit.Computer.(17), The ILLIAC IV Computer (4), and the Cannon-
Mu]dér Array Computers (9, 32). In essence, a parallel brocessor

is viewed as'a fast machine from slow parts. Although the number

of opératidnsfcarried out per second by eath of the individual
arithmetic‘gnits may not be parficu]ar]y high, when one considers the
' tota1ity.ofiope?ations being qarried out, the equivalent sequential
instruction rate can Be exceptionally h{gh. It turns out, fheréfore,
that when appropriate problems are addfeéséd; a parallel processor

', cén be anféffeciive means of'aitacking a problem if,qne utilizes

a 1arge nbmbér;of identical cells which may'have elementary arithmetic
and logic capabilities built into them;'aﬁd which afe interconnected
in sucH fa§hiqnlas appropridfe to the class of‘prob1em$ under

consideration. |




1. 2 A Survey of Para11e1 Processors
The fo110w1ng is a chrono1og1ca1 survey of para11e1 processors
which are-reTevant to the phj1osophy of the 3-D machine's organization

~and is not intended to. be an exhaustive survey of. array machines.

1.2.1 The Unger Computer

The Unger Computer 1is a computer oriented towards spatial
prob]ems(45) . By a spat1a1 problem it is meant a problem which can
be broken down 1nto a multidimensional array of identical subproblems,
e.g. partial differential equations, pattern recognition, and random
signa1~prooessing. Unger's computervis-a yery effective tool for
: para11e1 prooessing'binary patterns 1in two dimeﬁsions. The Unger
. oompufer consists of a master control unit,.and a rectangular
' array of processing modules, as in Figure 1.1.. Each module
communicates:wfth its four nearest neighbors and recefves orders
from the mester control unit. In order to sfmp]ify the hardware,
© the masﬁer'control unit cannot address the modules individually,
~ but 1ssues genera] orders which go to all of the modules. A 'module
'un1t consists of a one-bit accumulator, a sma11 amount of random
access memory.(s1x bits in one bit words), and some-assoc1ated
Togio. Ioouos'to each module come from the'masterﬁcontro1.and from
the aocumu15fors of the nearest neighbor hoou1ess 'If the accumulators

of'é]]'moduies'contain zero, a logical adder (or gate) wifh an input '
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Figure 1.1 The Unger Spatially-Oriented Computer.
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from each module signals that condition back to the master control.
unit. This. instruction is analogous to the conditional transfer
order used.in,conventiona1,machines.

.'Theﬁmaster control is capable of performing a single instruction
in all cells at once which simplifies its hardware des1gn and
structure.- Th1s simple design of the master contro1 unit 1is cost]y
in that lengthy, .complicated programm1ng of the machine is sub-

sequent1y,hecessary.

1.2.2 The ‘Holland Computer

 The purpose of .the Holland computer organization was to
prov1de a. bas1s for, 1nvest1gat1on 1nto computability and the theory
of automata. :-A computer organization. described by Ho11and (24)
estab11shed system control at the Tocal 1eve1 in the process1ng
array. Th1s organ1zat1on is. in direct contrast to the centra]
contro] concept ‘'suggested by Unger |

It consists of a two~dimensional array of 1dent1ca1 modu]es,
each,module‘cqntalnﬂhg a“storage reg1ster3 routing logic, and.
aux11iary!registers. At any given time a module will be active
or 1nactiue 'If the module is active, it ‘treats its contents

.as an 1nstruct1on and proceeds to execute the 1nstruct1on After

A module has executed its 1nstruct1on it passes 1ts act1ve status

on. to 1ts successor, which may. be any of its four nearest neighbors in

G
[N
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~n thefarrayf With this computer sfructure, séqﬁencés-of instructions
are:afrahgeq’spatia11y throughouf the array of'modu1e§, With an arbi-

tréry nuﬁbér of sequences being executed at any given-tfme. The oper-
ation cyc1e’offfhis computer consists of the following threé phases:

1. Module storage registers are set to value provided by an

:extekna1 source at the same time that a 1ogica1 path is
feétab]ished. A path is a chain of modules which Tinks two
‘non-adjacent active modules. |
2. Acfiye modules receive operands dependent upon the top-
- ~olb§y of the logical path'enéb]ea. ‘See Figure 1.2.

3; ‘Instruct1ons stored in all act1ve modules are executed.

The. H011and mach1ne is d1ff1cu1t to program eff1c1ent1y, and a
large amount of hardware is required to accomplish a non-trivial com-
puting task. However, itlihtroduces the concept of an array of
identica],ﬁipcaj1y cqntr011ed modules which are 1nterconnected to form .
a computer. |
: ‘Figuré 1.2 shows a single module of the Holland computer;
.th1e Figure 1,3'shoWs-modu1es used in the execution of_aﬁ

instruction.. -

1.2.3 The Comfort Computer

Comfort 's proposed computer (12) is a mod1f1cat1on of the

Ho11and computer, described above, which attempts to accomplish
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| the fo11ow1ng goals: )
._1.:JReduct1on in mach1ne programm1ng comp]ex1ty, thereby 1ncreas1ng
o .1ts pract1ca1 ab111ty to solve problems. '
2. Reduction of the hardware required to implement the machine
without sacrificing its theoretical computing power. |
The Comfort machine retains three basic features of the Holland
_ computer wh1ch are:
1. A para11e1 network of comput1ng elements.
2. Sequenc1ng of 1nstruct1ons which are arranged soatia11y
throughout the array of modules with an arbitrary number
. offsequences heing executed at -any given time.
| 3: The method of data accessing.
The Comfort computer is fundament]y an array of modules each
of which consists of two essential parts:
1. A memory and control section,‘
2. A communication section which controls communication with |
_thé four nearest neighbors.
' The array is rectangular with a set of ar1thmet1c un1ts at
one side. See F1gure T1.4. | . ' . |
The A-Boxes in Figure 1.4 are basfca1iy‘fixed-point arithmetic
units conta1n1ng an accumu1ator, mu1t1p11er and operat1on decoder
An 1nstruct1on sequence must start from an A-box. The results of

an operatron-are returned to a specified elément of the array .or
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Figure 1.4 The General Organization of the Comfort Computer.




14

.retéined in the A-box. Comfort utilized the notion of the Tine
of sqccessors-and the Tine of predecessor§ which was intrddu;ed by
Ho]]and. The notion of path building first introduced by Holland
prevails in the Comfort machine also.

A basic weakness of the Comfort computer is the fact that the
path building operation is done one segment.at a‘time. Also, a
large number of the modules are serving the sole pufpose of being

part of a'bath to thé termination module.

1.2.4 The SOLOMON Computer

The.SOLOMON (Simultaneous Operation Linked Ordinal Modu]ar
‘Network) Computer is one of the most interesting parallel
processors-tb study because it was.not only proposed, but also a
" prototype ‘has been built (44). '

Thé SOLOMON computer consists of three major units (7), as -
shown in Figuré 1.5. - These units are: the processing element
(PE) netwofk, the network control unit (NCU), and the input-output
unit (I0U). The baﬁ{c system described consists of: an array of
32 x 32 PE ﬁétworks, an NCU with two control and arithmetic subunifs,
and an I0U ‘which consists of five data cﬁgnne]s. The system can be

'reconfigu?ed by the programmer into four 16 X 16 arrays or sixteen

'8 x 8 arrdys, etc.




Figure 1.5 The Basic Organization of the SOLOMON Computer.
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A PE possesses complete arithmetic capabilities; it also
“has. two mémory frames of storage with 4096 bits of storage per.
frame, which is expandable to 16,384.b1ts. Eécﬁ PE is‘capable
of performing seria]-by-bit‘arithmetic\and logic operations.
Information is transferred to or from any of the four nearest
neighbors of.a PE serially-by-bit. ,

The SOLOMON computer was the first attempt (1962) to
construct a machine specifically oriented towards the so}ution
of the general class of matrix problems.. It presented modular dis-
tributed computer design by introducing the concept of a module or
a PE withﬁifg'own storage and control cépabi]ity. The PE.operates
lunder the:errall control of the NCU ahd 10U over the whole array
of modules or PE's with the possibility of communication between
. the four rearest neighbor modules only.

The‘SOLOMON computer, since it was conétructed from discrete
components available at the time, was organized as a serial-by-bit
',machine; *Thg same machine could bé cbnstructed as a para]]elrby

word computer with only minor architecture changes necessary.

1.2.5" 'The Gonzalez Machine (A Multilayer Iterative Circuit Computer)

A inachine was proposed by Rodol1fo Gonzalez (17) in 1963 for

dealing with_brob]ems involving spatial re]atiohshjbs between
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variables. The-Gonza]ez machine has the following features:
1. Path building which is similar to that proposed by Unger
_ (3) and Holland (24)
2. .Three stacked layers of processing -elements which are referred
to as program layer, control layer, and computing_]ayer.
Every -‘layer has a specialized functfon, separating the
flow of control signals from the flow of information.
3. A thfee-phase sequence of operations in which initially the
program dayer stores the data instructions, subsequently
the coﬁtfo] layer decodes the instructions and the computing
1ayer-executes the 1nstructions.
In steady state operat1on these three 1ayers activate simultaneously
and operate on d1fferent 1nstruct1ons This results in an effective
instruction t1me equivalent to the t1me it takes one. layer to
perform 1ts task
Accord1ng to Gonza]ez any 1nd1v1dua1 modu]e can function at
various times as an accumulator, register, memory cell, or simply
as a cbanecting link. "It.can be activated in any of these functions
atfany timesduring the execution of the program
The thrOJghput of the Gonzalez mach1ne 1s restricted by the
scheme used for selecting operands Th1s,1s due to the following
two-factors. 1) the path building prdcedure is essentially sequential,

resulting “in long- effective execution time; and 2) for operands which
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_are not in two physica1]y adjacent modules a Tink is bui]t which
uses the modu1es between the ones containing the operands as 11nks
These 11nk1ng modules are precluded from doing any other operat1on

except 11nkJng.

" 1.2.6 The ILLIAC IV Computer

The ILLIAC IV computer which was introduced by Barnes et al.
(4) of the'University of I11inois at Urbana in 1968, is an array
processor; it can be considered as a descendant of the SOLOMON .
'.compUter, With some revision of the philosophy of the SOLOMON
design. Whiie the SOLOMON computer deviates significantiy from the
Von Neuman cbneept of digital computers, the ILLIAC IV designers tried
to make a cost versus performance compromise by retaining some con-
ventiona]'yon Neuman concepts. By employing several processing
: e1ements (PE's), and several input/output chahneTs (1/0) but with:
a single control unit (CU); the goal of bu11d1ng a superfast computer

at a reasonable cost appeared to be realizable. A single CU stems

from the fact that cqntro] units are much more expenstve than PE;s
or I/O units. '

_ It Was,originally proposed to use 256 PE's divided into four
quadrants of 64 .each. Each quadrant has a sing]e cu whidh decodes
1nstruct1ons and generates the same control s1gna15 for all PE's in

the quadrant Each PE can execute or 1thb1t the-1nstruct1on issued
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by the CU. The four arrays may be connected together unde} program
control to perhit multiprocessing or sfng]g proéessing operatfon.

Each PE has a process%ng element memory (PEM), which consists
‘of 2048 .words of 64 bits each; a thin film random access memory of
240 nqnosecond (ns) cycle time is used. Each PE‘is_capable of a
64 bit f]oating point multiplication in 400 ns o}'an addition in
240 ns. . | .

Figure 1.6 shows the general organization of the ILLIAC v
computer as ft was proﬁosed. As the figure indicates, the ILLIAC
.IV‘sySterjs éﬁpervised by a general purpose‘computer; a B6500 computer
is used in the machine as.constructed. A‘paralle] accessed high data |
rate (109_b1ts/sec,) disk is used as a backup memory.

The.ﬁbdular organization of the ILLIAC IV a§ an array of PE's
simp11fieé mafntenance problems. The design policy of plugable
modules reduges the down time of the machine and simplifies diagnostic
procedurés

The B6500 is capab]e of compiling programs to run on the ILLIAC
Iv, s1mu1at1ng the function of the ILLIAC IV when 1t is down, and.’
1ocat1ng a fau]ty subsystem or a,faulty.modu1e of the subsystem.

This 1as£:fundtion of ‘the B6500 assumes fhét the B6500 is fault free.

The ILLIAC IV proved the computat1ona1 potent1a1 behind the
: SOLOMON computer concept of paraliel process1ng when 1mp]emented as

para11e]-by—word. It also yielded information about the implementation
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of some modern techniques such as thin'magne£1c fi]m'memories and
LST logic. The goal of the ILLIAC IV project was to build a
cbmputér cépab]e of executing on the order of 109 instructions/sec,
| but due to subcontractor problems (6), some technological changes
were neceésary. This led to cost escalation, reduction of execution
rate to 2x168 instructjons/second, and 11mit1n§ the system to one.

quadrant of 64 PE's only.

1.2.7 Cannon's Cellular Computer

Canhbn's computer (9) is an array processor proposedlin 1969,
and was prompted by a search for machines capable of rapid soidtion
of the discrete Kalman Filter Algorithm. Cannon called it the
Kalman Filter (KF) machine. The KF machine is capable of berforming
matrix opérations such as addition, subtraction, multiplication,
'transposit{on and inversion very efficiently.

The KE machine is composed of a square array of processing
cei]s (Pst); a row control register, a column control register
and a siﬁg]e'QTobal control unit (GCU).

The dfﬁay of processing elements perfdﬁm'operations involving
matrices and vectors. Data is stored in'the array in a natural
spétié1 di§tr1bution in the sense that the 1,j§h-é1ement of the
array 1s,storgd in the 1,j§h-ce11 of the processing array. See

Figure 1.7.
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The row and column control registers form an interface
. between the array of processing elements and the global control

unit.

The global control unit (GCU) which resembles c]oseiy a
supervisory machiné, does the following:
1. Fetéhés instructions from its memory.
2. Dééode; these instructions.
3. Sends control signals to the array prbcessor for executing
array type instructions.
4. Executes non-array type instructions.
ITwo types of fnstructions were suggested:
1. Array instructions which perform opérations on vectors
or matrices.
2. Ndn-array instructions which perform operations on scalars.

Cannon proposed specific logic units (9), as part of each

AND, OR, aﬁd\NOT as the basic set of é1ementary Togic to build his
special logic. Some of his special logic unité are: add-one cell,
One's to Tﬁo's comp]emént cell, Combakator cell and Adder cell. It
is to be“noted that a PS of Cannon's mathihelié much simpler than a
PE of the ILLIAC IV.

A fecohfigureab]e array interconnection structure was de-
signed td‘cdnnect a cell to its neighbérs vertically, horizontally,

or minoeriagqnally.

processor éé11, to do certain standard logic functions. He utilized.
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Cannoﬁ'é machine proved to be significantly fast on matrix
oriented_probiems. However, hardware requirements are high, since
the éompuﬁﬁng'array consists of N2 computing units (N fs the
dimension 6f fhe array). An increase of execution rate proportional

to N2 is expected.

1.2.8 Mulder's Computer

A "Matrix-briented Cellular Computer Capable 6f Fault-
Tolerant Qpéra;ion" was proposed by Mulder (32) in 1970 as a
continuat%on of the work done by'Cannon. Mulder's machine reflects
- the ultimate Cannon style design, which has its origin in the
SdLOMON'cOmputer and its descendant, thg ILLIAC IV. The Mulder
machine 1§.a spatially oriented array of processing eTements;
the machine is'two dimensional having control capabilities both in
the §e11 §10§é1), and over all the cells (globai).' See Figure 1.8.
"This organizgtion'yie1ds more operational f]exibi]ify than that of-
Cénhon“s machine at the expense of extra hardware. |

Mq]dér's design is differenﬁ from Cannon's in the following
areas: 1)'br6cessing ce]]lorganizatfon and Togical de;ign; 2)
speed of-opefation; 3) speed of data transfer within the processing
array; 4)§dévéﬁopment.of'a computer assembly language instruction
set; 5) cpmpTéte array-structured cohputer/sfmﬁ]ation (PAL-1)36)

the intrdductibn of hafdwired'microsequence control. at the local
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Figure 1.8 General Organization of Mulder's Computer
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level; and 7) .the introduction of additional parallel arithmetic
operations. - o

A combination of hardware and software redundancies are
used in the design to achieve a fault-tolerant operation of the
computer e1éments or cells.

The GCU is a 10 Megahertz, 36-bit, general purpose computer,’
which corresponds to thé B6500 in the ILLIAC IV systém.v This unit
functibns_as_é system executive, and initializes and executes
assehb]y.1angUaQe, instruction sets. The GCU also contains a
sepafate ihput/output processor of array data.

" The exterior control units are the microprocessing unft used
fo control dafa'transfer operation within the processing array and
other unité; the dynamic‘microprocessing unit used to facilitate
execution of special instructions, and the input/output unit.

The X-aﬁd Y command blocks route data and command signals
from the GCU and exterior units to the processing array.

The processing array consists.of NxN jdeﬁtica] cells. Each
cell consists of a Mathematical Operation B1ock_(MOB), and a Data
" Transfer ﬁ]ock'(DTB). A cell -can be enab1éd'or inhibited according

to the X ahth‘commands. The MOB is capable of'doihg floating point
addition,-éubtfaction, and multiplication. The DTB is Capab1e of
routing 1nfdkm§t%on from one céi] to another in a single operation

regardliess of the proximity of the two cells, which offers an advantage
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over the Cannon machine (12) for which transfer is to the nearest
"~ neighbors on1y, The DTB is capable also of comparing two floating
points words and has access to the memory module of the processing
cell. | |

Mulder's machine represents a.step forward in_the array
processors field. It solved some of the pfob]ems of Cannon's

machine suth'aS'the féster routing of information and'a more
effective input/output processihg unit. Mulder a1sd éxp]ored the
idea of macroinstructions and proposed a mfcroproceSsing unit as.
part of the exférior control unit to decode and execute the macros.
"Fau1t;To1erant computing through hardware and software redundancy
‘wa$’a1so diséussed in Mulder's thesis (32).

A dréwback of the Mulder machine is the requiremént of a
complicated cell capable of arithmetic, Togic, and data transfer
oberatipnsi This complicated cell not only made'thg design and

.consequently fhe construction of the ;e]] a hard task, but also
idegfaded the potential performance of,the machine, especially

when the ce1]lhas,£o wait for the comp]etfon of an arithmetic

instruction execution before initiating a data transfer instruction.’

1.2.9 The PEPE Computer

PEPE'(]S) (Parallel Element Processing Ensemble), has

evolved from}wbrk'done in the early 1960's at Bell Laboratories
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based on the premise that parallel data processors could gain
ihcreased.performance through organfzafion'rather fhan circuit
speed. Eariy‘work centered on a form of associative processing
memory ca]led Distributed Logic Memory (26) (DLM) by Lee and Paul,
and 1a£ér{Work by Crane'ane Githens (15) resu]ted in the eventual
design of PEPE._'Evidently more Ongeing research is contemplated.
Aecerding ‘to Crane et al. (13) "PEPE should be considered more as
a- snapshot thah as a final description".

PEPE is essentially a parallel processorperipheral of a
hest'machiﬁe;.it computes updated Tocations for multiple objects
as required_for real time radar processing. The highly parallel
archifectufe'ef'PEPE allows many object tracks to be processed
simultaneously.

' The PEPE-host combination can handle more ijects simul-
taneousiy than.is possible with the host cemputer alone. Although
a cost veféus'perfdkmance study has indicated that PEPE can be
cost effeetive on1y if it is built from MSI and LSI logic averaging
about 256 b1ts per chip, the prototype which is already built is made
of a 1ow sca]e 1ntegrat1on of logic flat-packs (averaging around
‘three gates per package). ‘

_ The prototype of PEPE already built has s1xteen processing
elements (PE s) arranged in two wings of eight PE 3 each. Each

PE has three main parts: 1) an Arithmetic unit (AU), 2) a 512
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: wor@ randoﬁ'accesé memory, of 32 bit words (M), and 3) a correlation
.un%f (CQ)L }A'globa1 confro] coupies thé ensemble of PE's to the
Host machine; The global control consists of an Arithmefié Control
: Unft (ACU) anq'a Correlation Control Unit (CCU). Figure 1.9 shows
the general organization of the PEPE computer.

For array oriented problems each PE mainta%ns information
on a different element of thé array, data is stored in M while thé
AU and CU brovide thg input, processing, and dutput'functions
for data maintenance. . _

The ACU and CCU together with the host computer stdre_and
control the programs speéifying the operation of the AU's and CU's.
The ACU bfoédcasts one prograim instruction at a time to ali AU'é
simu]taneou#]y. The CCU executés a second prograﬁvindependent1y
and concurreni]y with the ACU, brdadcasting one instruction at a
time to all CU's.

Eacﬁ AUahas an 8-bit content addressed tag register, that
tbgefher wi;ﬁ fhe AU accgmuiator register determines the status
of the AU activity. PEPE executeslthe séme instruction in all
cells which']imfts the speed of the machihe when it is applied
to'proB]ems wfth‘different instructions at different 1oéation§
in the ar?ay,'g.g. the.FFT'a1gorithm (13). Also a host machine
is essential for such tasks as compiling and schedu]iﬁg of

programs. .
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Figure 1.9 General Organization of the PEPE Computer.
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According to Crane et al. (13): "PEPE can perhaps be best
characterizeq as an assocfative]y-organized, highly parallel
computet cap&bfe of executing two insfruction streams éfmu]tanéous]y.
As such, PEPElbéars similarities both to array processors such
as ILLIAC IV and to associative processors;

PEPE differs from ILLIAC IV, howéver, in its use of a second
instrucﬁibﬁ étream for correlation, and also in the way that PE's
1nteract,‘ ILLIAC IV is an array processor wherein each PE re-
~ presents a djfferent point in a two dimensional grid and communicates
directly with its four nearest ne{ghbors. This arrangement is
powerful 1in aprications such as heat flow analysis, weather fore-
casting, etc:, which require much exchange of data among neigh-
boring PE{s;IZPEPE, on the other hand, provides a real-time data
- base represeniihg,objects having Tittle interaction with one another
"~ and there_islnd need for fhe PE's to have direct intercommunication."

PEPE'is,thereforé more of an ensemble computer than an
array one. This lack of communicationlin PEPE prpvides_for more
re]iabi]ity:of the PE sinée less hardwaré is employed to build

the PE.

'-"1,3 Why a '3-D Computer?

A11 of the aforementioned machines are array processors;

that is, the'afrahgement of the procéssing-é]éments.is in a -
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‘ rectangular interconnection pattern. All of these machines suffered
from some.shertcoming or another.

Ungerﬁs machine (45) presented the first attembt kdown to
the authbr to establish a computing machine which consisted of an
array of 1dentjca1 modu1es or processing elements. Unger's machine
' suffered from a rigid design which required a module eitmer to
eXecute the same instruction executed in the rest of modules or to
inhibit the ekecution and stay idle. The moduTes of Unger's
machine impTemented élementary operations only so tmat any non-
e]ementary operation had to be macro- programmed out of the elementary
operations aya11ab1e. These shortcomings made Unger s machine
difficult to program efficiently so as to make the best use of
the ava11ab1e hardware capabilities.

Ho]]and s machine (24) as a follow up of Unger's computer
attempted to spread the control through the array structure, thereby
caus1ng the.modu]es to acquire more computational and commun1cat1ona1
power. THiS-comp]icated the hardware desigd of the individual
modu1e$ and their interface hardware, thus making it still more
d1ff1cu1t to program the machine effectively.

u Cquort s computer (12) (called a Mod1f1ed Ho]]and Computer)
- came ihtoxexistence_to simplify the hardware des1gn_and program-
ming effertﬂre1ative to that of Holland's cemputer without sacrificing

much of the-eemputing power of a Ho11and-1ike machdne. This was
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achieved by divorcing the arithmetic'function of the machine
from the data transfer and movement functions by ihtroducing
 the A-boxes. .Cost reduction was achieved by sharing the A-boxes
between the different modules of the machine through a switching
network. , ‘

The SOLOMON.computer (18) was proposed to alleviate the
problems of its ancestors, in particular in regard to programming.
.The SOLOMON computer was much larger in scale than the previously
mentioned compUters; it has more computing power and higher speed.
At the time it was proposed (1962) it was expensive to afford a
word size bus, thus it was evident that achieving powerful contro]_
and computing capabilities were hindered by the serial-by-bit
. data transfer.

ILLIA¢ IV (4) came along to alleviate the SOLOMON coﬁputer's
shortéominjs; It did increase the throughput tremendously (109
1nstructibns/séc. was broposed, but a 108 instructions/secy rate
was actua]]y'échieivéd) by operating on words instead of bi;s'
both in arithmetic and transfer operations. ATthough ILLIAC IV
1hherent1y:h§s a powerful processing e1eﬁenﬁ capable of -both
arithmetic'énd transfer operatiﬁns‘{t still had a processing element .
communféétidn capability with the four nearest neighbors only.

The Cannon (9) and Mulder (32) machines are descendants

~ of the SOLOMON”computer and the ILLIAC IV computéﬁ, (Cannon and
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Mulder computers and the 3-D machine were never intended to have
‘the same size of computing power ot the ILLIAC IV computer). The .
Cannon and'Mu1der machines are rectangular arrays of identical |
cells which are interconnected in vertical, horizontal, and minor
,diagona1 directions. This provides the capability of interchange
of 1nformatioh between calls in a manner that is not comparable

to the seria]itnterchange of information to be found in the Von
Neuman concept. It is also more powerful than the four nearest
neighbors communication to be found in their ancestors. A much
richer flow of information is possible in these machines. 'Hewever,
certain defictencies‘were uncovered in the evaluation of these
machines. The principal defects were that each cell (designed

to handle ar1thmet1c operations, data man1pu1at1on and transfer,

"~ and 1nput/output operat1ons) was f1rst1y very complex, and secondly
. capable of performing only one of the three operations mentioned
at a'time. That is, data transfer could occur, arithmetic
operations ceu1d occur, or input/output could occur, but on1y'one of
these at a-time. It became apparent. that there was an'inefficient
use. of hardware in the machine and that 1dea11y the structure of
the cell shou]d be simplified to provide a mechanism whereby
over1app1ng of operat1ons in the three areas could be affected
This gave rise to the notion of the Three Dimensional Computer

(3-D Computer) 1n which the array structure was expanded in. space
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from a two;dfménsional arrangemént. Memory is brought out to

form a sjngﬂe"section whfch is deyofed:solgly to the storage and
the transfe; of data. The computing'fdnction is performed in .
another section of.the machine, Whiéh is devoted solely to that
ldperation."The input/output operations are performed in another
section of the machine which is again solely dedicated to

~ that function;f By spreading the function over the structure of
the machiné;[the memory cells are simplified becduse'they no jonger
contain the arithmetic units, the arithmetic cells are simplified

‘ because théy nd longer contain memory or 1/0, and the I/O'cé11s

are simplified beéause they contain neifﬁer of the other two
functions. Thus, a larger number of ce11s appear, but each one is
“of a simp]er.sgructyre with the additional édvantage that each
section of the cdmputer can now operaté fﬁ an over1appéd fashion with
the other sections, thereby increasing the throughput of the
machine. A measure of the effectiveness of this spreading out

of the function over the stfucture of the machine will veryAlike1y
be.in the ééhse:of the cost‘per operation of the machine. As the
. price of hardware for these particular cells decreases, (and
historica]iy the price of hardware has come down), the effective-

ness of ‘the 3-D organization will become greater and greater.

1;4 An Od£1ine30f'theuSubsequent Chapters
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The material covered by this thesis is:

A general description at the régistér-transfer-]eve1 of the
3-D Machine. This description is very brief at some points,
especially when it deals with subsystems which have been |
dealt with exhaustivély in the 1iterature. This general
desqribtioﬁ is the theme of Chapter 2.

Chaﬁter 3 is devoted to the presentation of an assembly
1anguége~which has been devised and used to simulate the

3-D machine operation at the register-transfer-level.
Chapter 4 is devoted to some parallel algorithms for matrix
operations. Some of these a1g§rithms have been written
especi§11y for the 3-D machine; the‘a1gorithm§ for matrix
transpbse, matrix multiplication, and the search for
maximum or minimuin element of an array. The matrix invérsion
a1gorithm is an adaption of the Gauss-Jordan elimination
a]dpfithm (16) written for conventional serial machines.
Chabter 5 is mostly a survey of the literature on fault-
tolerant computing and design consideratibns as applicable
"to the 3-D machine. Some fault-tolerant computing and
' design‘considerations which are peculiar té the.3—D
madhiﬁé architecture have been proposed.

The ébﬁéndices are a co11ectioﬁ Qf-resu1£s of research work

which has been done in the fo]]owiﬁg areas:
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Appendik A'summarfzes,the work done to find the valid
connection chgs for the memory plane intraplane traqsfers and
their corresponding gate settings. i

_ ,Appéndik B is a summary of the results. of applying the 
Quine-McClusky algorithm (29) to the gate settings.

Apﬁendix'c is a listing of the simulator.

Abpendfx D is a Tisting of a para]]é]-matrix“transposé

algorithm. | -

Appendix E is a listing of a parallel matrix multiplication
a]gbrithm.. |

Appendix F is a 1isting of a parallel matrfx inversion
algorithm. _ | '

Appendix G- is a cost estimation procedure to find cbst :
estimates of 3-D machines. | '

Appendix H is a survey of pbééib]e non-conductive data

tranéfer teéhno]pgfes.




| CHAPTER 2
HARDWARE ORGANIZATION OF THE 3-D COMPUTER
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2.1 General Organization of the 3-D Computer
IThe 3-D machine organization follows the basic phiiosophy
of its predecessors,  the Cannon and Mulder machines, which in
turn have their origin in the SOLOMON computer and its'descehdanf,_
ILLIAC IV; 'A§ é result of appfying the simulator of the Mulder
machine to some matrix-oriented problems it was found that'fhrough-
%put of the ﬁachine cdu]d be improved by a factor of 2 or 3 if the
proceséing e1eﬁent is partitioned into three geﬁera] sections which.
are physicaﬂ1yiseparate and are capable of operating sihultaneous]y;
the I/0 pro¢éssor, the data manipu]atfon and movement processor
(with its aséociated'mémory), and the computation (arithmetic and
Togic) processor (32, 37).
| This led to an overall machine'basically composed of.five
subsystems aé‘shown'in Figure 2.1. Much of the detail of the con-
stituenté:of'each subsystem is resekved_for later sections so as not
to obscure the general presenfation.of the architecture.
The fiye subsysfems are: '
'1. “The Memory Cube (MC), which is a parallelepiped of
Membrijlanes (MR); each arkanged as a two-dimensional rec-
tangQTaf grid, with one memorylce]]_at each crosspofnt of the
- gridf The memory cells have.a'partiguTar interconnection
structure within thé p1ane,'p1us the.capability of communicating

with any cell in adjacent planes at corresponding points.

(- .
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above or below. Although it is apparent that the memoryl
is ﬁof'hecessarily cubical, the name is used because of its
suggestiveness. | |

2. A Computation Place (CP) which is composed of a rec-
fanéu]ar array of computing cells, each ce]]_beihg located
at the crosépoints of a grid having the samé dimensions

as the MP grid. ' The computation cells do not have any
'fnterconnéctions between theni, (they do have connections to
thg‘supervisory machine and some épecia].processors which
facilitate the interrogation of the CP condition). They
receive inputs from, and pass their outputs to, the cell

at corresponding grid points in the MC or the I/0 plane.

A primitive set of arithmetic and logic capabilities for
each cell will be defined subsequently. |

3. An Input/Output Plane (IOP) which interfaces the MC and
the QP to transducers and mass daté storage. It is a]sq
arranged as a grid of cells such that when transfer to or
frdm MC or CP is to be made, data in corresponding grid point
cells can be transferred. Several IOP designs wi}] be'coh-
sidéred:which,will require ascending orders-of hardware
complexity commensurate with the speed and vérsati]ity of
I/0 6pe?ation desired. |

4. Thé Connection Registe? Read-Mostly-Store (CR), which
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;onsists of one or more planes of special storage registers

in Whiéh are stofed control words that configure register
interconnections in the MC, and set operation codes (0P

codes) and cancellation numbers (CN) (to be described later).
The dimensionality of cells in the CR is identical to that

of the MP, the CP, and the.IOP. The registers of the CR
plane are identical to the MRC registers of the MC to be
descr{bed in Section 2.3.1. |

5. ‘A éontro] and supervisory section composed of (1) éontro]
Togic associated with the preceding four system elements and
(2) a supervisory machine which compiles and stores the program,
executes non-array instructions, causes apprOpfiate signé]s

to be applied to the control logic when array instructions

are cé]]éd for, and handles priority interrupts. The super-
visory machine stores and executes several diagnostic programs
with different degrees of cqmp]exity to check for faults
-of different complexity. These diagnostic routines perform
tasks ranging from diagnosing a faulty subsystem, a faulty
plane of the subsystem, a faulty cell, to the task of findiﬁg
a faulty register or even a faulty bit. A program to simulate
3-D machiné operation can be stored in secondary storage and
executed at a very low performance‘rate on the supervisoky

machine when the 3-D machine is down.
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2.2 Technological Assumptions

2.2.1 Integrated Circuits Assumptions

A prfméry problem in research dealing with cellular logic
and arrays is that of properly unaerstanding thé re]evaﬁt integrated
circuit (IC) developments, and even more important, of correctly
anticipating future developments in IC technb]ogy.' It is a fact
in the computer design field as well as in many others, that spe;
cialization often keeps the computer architect from full knowledge
of the current and anticipate@ advances in IC technology; conversely,
IC designers frequently do not have a complete understanding of
the current developments and needs in computer architecture. With
this disclaimer in mind, some assumptioné will be made concerning
the physica1.embodiment of the 3-D machine.

It seems reasonable to assume that 1000 to. 1500 gates per
chip of large scale integration (LSI) Togic will be available in
. the near future (55). This assumptiqn will be necessary for all
cells whether they be in the MC, the CP, the IOP, or the CR. There-
fore, although not essent%a] to the development of 3-D machiné
hardware, we assume that a one IC chip per memory cell correspondence

holds.
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2.2.2 Non-Conductive Interplane Transfer

The'3¢D machiﬁe can benefit signfficant]y from a non—conductive
data transfer between planes. Cost considerations require the assump-
tion that/interplane transfers will be accoﬁp]ished.seria1-by-bit
whereas intraplane transfers will be parallel by word in the case
of non-conductive transfer. The problem of undesired interaction
between sepakete memory planes can be completely eliminated by proper
non-conductive transfer schemes. Also, the interplane connection
pins required by conductive transfer can be e]inﬁnated, a step in
the right‘direction when the total pin-limitation problem is con-
sidered. .A short survey of non-conductive technology appears as
Appendfx H. Several techho]ogica] problems of nen-conductive trans-
fer which migﬁt preclude its use in the 3-D machine are treated
there. Heﬁceferth, 1ﬁterp1ane transfer will be spbken of as though
it wefe ebn-cbnductive, fully rea]izing fhat apbropriate technology
may not be forthcoming and a conductive method may be necessary.

This does not detract from functional aspects of the machine; it only

changes structdral\aspects.

2.3.1 The Memory Cube

Memory cube structure allows functional capabilities which are
‘more extensive than those normally associated with a conventional

memory stoke. Traditionally, memory has served a single function
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in serial machines, that of storage and retrieval of data. A new
role of memory began with the Holland (24) and SOLOMON (18) machines
ahd extends through the Cannon (9) and Mulder (32):machines and the
ILLIAC IV (4). vA]] of these machines have computing elements, each
with arithmetic éapabi]ity and some memory, which are interconnected
via a programmable, regular interconnection pattern, usually in
some chain form. They are not strictly memory-to-processor inter-
connections‘bu; rather are associated with the manner in which data
can be manipd]ated within the array prior to execution of a}ithmetic
or logic operations. It is possible in any of these machines to
perform memdry-to-memory transfers through the processing elements
and thereby obtain desired data patterns.

Except'for ILLIAC IV, which is of a size and complexity
greatly exceeding the proposed 3-D machine, thevdisadvantage here is

that when such machines are used to perform data manipulations,

this manipuiétion precludes the use of the arithmetic unit to perform

simultaneous arithmetic‘operations. Consequently, much of the

power of such machines is lost to the conflicting demands on resources.

In the 3-D machine the function of more explicit data manipulation

has been separated from the function of arithmetic or logic operation

or input-output, and has been concentrated in thé memory cube. Thus,

-~ the memory-cube is a reposftory of information and additionally,

(and in fact at least as importantly) is the data manipulation
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structure for the machine, providing geometrically useful data
transfer paths that can be highly effective in prearranging data
for cértaih types of arithmetic and logical operations. Data
transfer in the 3-D machine is innovative, not only in the fact thét
the data transfer mechanism is a structure 1ndependent of the com-
puting mechanism but also in the fact that in the.3-D machine trans-
fers may be made in three dimensions. As an addifiona] benefit, the
3-D machine has no edge connectionsAfor data tranﬁfer, all transfers
being made either internally via conductive hardwired paths or from
plane to piane via non-conductive trahsfer; In the sense of Being
a mu]tip]éne structure with interplane transfer between corresponding
cells, it resembles the Gonzales (17) machine, but there the simi-
larity ends. The 3-D machine does not have its function spread over
structure to the extent exhibited by the Gonzales machines.
Strhctura]]y, the MC is composed of a set of memory planes,
" each plane having within it a set of memory cells whose dimensionality
matches that df the CP, i.e. for a CP composed of i rows and j columns
of ce]]s,'fhe MP's aré also composed 6f i rows and j co]uﬁns of ;e]]s,
Two data registers are avéi]ab]e in each cell and are referred to
as MR1 and MRZ. Each data register is_a single length register of
assumed 32 bit.word length. Each register -has seven lines which can
be used as-fnput or output (exclusive 'OR' sense, i.e. a line will

carry either an input or an output but never both simultaneously),

Ll W ——
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providing transfer capabilities within the plane in. the vertical,

horizontal and minor diagonal directions, plus provision for transfer

between MR1land MR2 of the same cell. Figure 2.2 shows all the
possible directions of intraplane transfer for MRI and'MRz. A gate-
level deéjgn of the gates controlling the conductive transfer is |
presented.in Section 2.3.4.1.' |

Figure'2.3 shows a 2x2 array of memory cells, excluding
storage regisfers. Two additional registers are shown and are labeled
MRC and MRT. MRC is a control register and étores interconnection
patterns, op.codes and cancellation codes (CC) described briefly
herein and to be described in more detail in Sections 2.3—4.1.‘ MRT
is a word-wide register which is directly connected to all regisfers
in the cell and serves as a temporary storage for intgkplane trans-
fers. 'MRC is a double Tength register (64 bits), with 42 bits
reserved for cell contro],gafe‘settings which are a decoded form
of the interconnection pattern or code. Thé interconnection code
(ICC) is a 6 decimal digit code, 3 to describe the connections fbr
MR1 and.3_fb=describe the same for MRZ. o

Similarly the 42 bits in MRC which represents a decoded ICC
aré divided into 21 bits for MR1's connections and 21 bits for MR2's
connections. MRC contains 8 bits of ALOC, 4 bits for the CN of the
cell, 4 bits,for interplane connections, and the remaining 6 bits

are used for -code parity checking as explained in Chapter 5.
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Figure 2.2 Interaplane transfer possibilities for MR1 and MR2.
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2.3.2 Tﬁe Computation Plane (CP)

The cémputation plane is a rectangular arréy of‘individual
computing cells, each cell of which has identical instruction execution
capabilities. A preliminary introduction set including floating point
ahd integer arithmetic and various Togical operations has been
Hefined and presented in table 2.1. The operation code field allows
for future expansion to 256 operation codes. Data c&n be trqnsferred
to and from the.CP'by the non-conductive mechanism to or from the MC
or the IOP only. There is no provision for intercell data transfer
in the CP nor fs there any provision for data connection of the CP
to the outside world. This does not exclude the connection of data
in the CP to some special processors such as the SORTING processor
~to be described-later. In addition program status data relating
to the condition of the data is connected directly (hardwired) to the
supervisory machine through a 32-word block which is a part of a high-
speed scratch pad memory in the supervisory contro] system. fhese
32 words are organized as 256 condition code status words. Each‘
status word ‘corresponds to the status of one of thé 256 CP cells.

The status word for one cell is a 4-bit word which allows any one of
16 states of data in the CP to be recognized and worked on. These
states (as‘in most CPU's of conventional machines) indicate overflow,
underflow, positive, negative, zero, etc. contenté of the CPA

register of the cell.
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Table 2.1 Arithmetic Logic Operation Codes.
OP Code Meaning Hex Equivalent
NOP No operation 00
ADD Integer addition 01

| SuB .Integer subtraction 02
MPY Integer multiplication 03
DIV Integer division 04 .
FAD Floating point addition 05
FSB Floating point subtraction 06
FMY Floating point multiplication 07
FDV Floating point division 08
SLI Shift Teft one bit 09
SRI Shift right one bit A
AND Logical and | 0B
I0R .Inc1usive or "0C
XOR Exc]usive or 0D
NOT Comp]ement (1's complement) OE
CPM 2's complement OF
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The CP\cé]]s are not restricted to execution of the same
operation simqltaneous1y,'but are allowed partially autonomous
operation. Exdcf]y how much autonomy should be given to the CP
is a matter for future decision, to be determined after the 3-D
machine simulator-is used sufficiently to indicate the cost-per-
formance tradeoffs. Apparently the most costly situation is the one
in which eéch cell is capable of performing a completely autonomous
operation.relatjve to all the other cells. Zoned operations are
recommended as an interim solution in which case the CP plane is
subdiviqed'into sub-planes with each sub-plane doing.a different
operation. A Completely autonomous CP is a special case of a
zoned CP 1n.wh1ch'each zonelconsists of a single cell. This autonomy
is generated by sending the OP code to each CP cell (or zone of
cells) decoder from the corresponding MRC.

Generally a complete transfer to the CP implies a transféf
of two operands and an OP code for each ceH'° Thus some cells can
perform addition, some can perform multiplication and others can
perform division, simuTtaneous]y. Although operands can be trans-
ferreq from either the MC or the IOP to the CP, no operation can
be initiated until an bP code is received from one of the MRC
‘registers.. This requires that a transfer from the IOP be followed
by a transfer from the MC in which operand transfer in inhibited

(by appropriate cancellation codes to be discussed in Chapter 3)
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and only the operation code is transferred.
A programming option allows ganged operation of the CP so

that all computation cells will execute a single operation simul-

taneously, with the poséibility that specified cells may be inhibited.

When such an option is initiated the single opefation code does .
not come from MRC but instead comes from the superv1sory machine,
since the s1ng1e operation code is all that is necessary.

In addition to the richness allowed by the autonomous opera-
ation, the cdmputation plane has all the capabilities of ganged
operations to be found in such organizations as thé ILLIAC IV or
. the PEPE machfne.

Structurally, arithmetic organization of each cell calls for.
a 32-bit parallel arithmetic unit contro]]ed‘by a microprogrammed
arithmetic/logic processor. The arithmetic/]ogic processor consists
mainly of an operation decoder, a processor controller, and a micro-
program storage read-mostly memory. Figure 2.4 shows the genera1
organization of the arithmetic unit of one zoned cells of the cP,
one notes that it is not necessary to have a microprogrammed arith-
metic/logic processor for each cell of the CP. The arithmetic unit
of one cell of the CP réquires three word-Tlength registers (a word
is of 32 bit 1éngth), CPA, CPQ, and CPB. An eight word temporary
storage structure is also associated with the CPA kegister. This is

for 1ntermed%até results that are most efficiently kept immediately
















































































































































































































































































































































































































































































































































































































































































































































































































































































































