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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.




CHAPTER 1
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.
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.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
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Figure 2.4 Arithmetic Unit of One Zone/Cell of CP.
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accessible to the arithmetic registers rather than requiring
transfer béck to the MC. It has 3 identifier bits appended to the
data bits which can be used in the multiprogramming mode to identify
the job with which the word is associated; this actually means that
the CPA register is a 35 bit register instead of being 32 bit 1ike
the other registers of the CP. Thus the CPA memory store is actually
a list, but aﬁpears as a push-up pu11-down stack insofar as a single
job is concerhed.

CPB is equivalent to MRT (memory interplane transfer register)
and is equipped to transfer data non-conductively. By being directly
connected to CPA and CPQ, CPB can transfer data to CPA and CPQ or
receive data from CPA and CPQ. CPQ 1s.connected to CPA to form a
double length register. |

To add two numbers, the augend is Tloaded through CPB into
CPA, then the addend is 1oadea into CPB. Parallel add circuits
(not shown)'rep1ace the augend with the sum, which can be stored in
the 1ist or transferred through CPB into MC. Subtraction is similar.
For mu1t1ﬁ1f£ation and division repeéted addition and subtraction
directed by the microprogrammed arithmetic/logic processor is Qsed
together with a two-word-wide shift in the combined CPA and CPQ
register. The details of the CP microprocessor is beyond the scopes
of this thesis. A good example of a microprogrammed processor which

.could serve the purpose for the 3-D machine is the Hewlett Packard
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2100 microprocessor (57).

2.3.3 Input-Output-Plane (IOP) -

In general, I/0 operations are re]étive]y time consuming in
any machjne. In a parallel machine they constitute a special bottle
neck for the designer who must interface such a machine to serially
oriented periphera]s.

In the 3-D machine, the CP and MC are divdrqed from the IOP,
which improves the throughput inherently in a manner analogous to
the inclusion of direct memory access in a.generaJ purpose machine.
However, gréat]y increased throughput will be possible only if the
IOP is extréme]y fast. An I/0 operation for a 16 x 16 array'of.
words requires.2.56 us, based on 100 MHz clock rate. This means a
throughput gain of 2:1 is achieved over an equivalent data transfer
jn the Mulder machine, by divorcing the IOP from the CP as in the
3-D machine. ~ The cdmparison does not stop here since we can speed
the I/0 operétion by using other e]aboréte designs to be discuésed
in the next section. For example, one design having\an.IOP 16 times

faster than the one to-be discussed below achieves a throughput
' improvement of 17:1 over the Mulder machine.

The IdP'structure to be discussed is a pipelined structure,
which is véfy desirable. Once started, the I/0 operation will

continue until all cells specified have received their input.
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The -particular pipelined action of the IOP used is achieved
. through two 100 MHZ, 16-bit shift registers: the vertical-control-
sﬁift;fegister (VCSR) and the horizontal-control-shift-register
(HCSR), as shown in Figure 2.5. The rate of the VCSR is made equal
to the rate of the HCSR divided by the number of columns to receive
input. Thi§ is achieved by passing the clock signal for this shift ‘
- register through a divide-by-the-number—of—co1umns.circuit. VCSR
and HCSR contain coﬁtro] bits, never data. Figure 2.6 shows the
clock signals of VCSR. 1In Figure 2.6 Ki represents the clock signal
for processing i columns, and i =1, 2, 4, 8, 16.
The-IbP is an array of cells of the same dimension as the
MP in which each cell has one storage register and a transfer reg-
ister. EacH rbw is connected to a single bidirectional bus through
gates set by the HCSR.‘ A single vertical bidirectional bus is
connected to the horizontal bus through gates set by the VCSR. The
vertical bus is connected to two hardware stacks, the input-buffer-
stack (IBS), and the output-buffer-stack (0BS),.through an input-
-oqtput—buffeffregister (I0BR).
An input operation is as follows:
1.  The VCSR receives two binary numbérs;.one is the index of
the first row of the array to receive input, and the ofher
~is the index of the last row to receive input. |

2. The HCSR receives another two binary coded number; one is
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the index of the first column of the array to receive in-

put, and the other is the index of the last cb]umn to re-

ceive input. ATl 1ntermediate columns between the first
and last one are loaded.
The VCSR and HCSR set gates such that the IOBR is sequen-

tially connected to the proper registers and words are

loaded in bit parallel form into the I0P registers. It

is to be noticed that VCSR closes the gate for the first
row to receive input while the HCSR-c]dses the gates for
611 columns specified, starting from the first column to
receive input. A signal to c]ose the gate for the next
row fs issued as soon as the Tast column of the previous
row has received input. The timing of the clock on VCSR
is variable according to the number of columns to receive
input as indicated in Figure 2.6. Some rows/columns may
be inhibited from receiving input due to faulty cells in
these rows/columns. This function is transparent to the
user as described in Chapter 5 on Fault-Tolerant Computing.
When filled, the IOP does a non-conductive transfer to the

MC, the CR, or the CP as directed.

An output operation is the inverse of an input operation and is

summarized as follows:

1.

A data transfer takes place from the desired plane to be
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outputted to the IOP through execution of a non-conductive
transfer instruction.

The VCSR receives two binary numbers; the index of the

first row of the array to be outputted, and the index of

last row to be outputted.

. The HCSR receives another two binary numbers; the index of

the first column to be outputted, and the index of the Tast

column to be outputted.

. The VCSR and HCSR are sequenced as explained for an input

operation such that data is pumped out of the IOP registers
to the OBS by row through the I0BR. As in the input opera-
tions, the output from some rows/columns may be inhibited

due to faulty cells.

'When done the IOP signals back to the supervisory machine

to start executing a new instruction.

._'Externai device initiated data transfer interrupts are

assumed to be sent directly to the supervisory machine

for priority execution queing.

Control Unit and Supervisory Machine

. Control in the 3-D machine falls into two general categories:

Control within cells (local controT).

Control by supervisory machine and attached external hard-

I 15 S I A T}
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ware (general or global control). Figure 2.7 is a .flow
diagram of various control actions and modules of the

3-D machines.

As can be seen from Figure 2.7, control is widely spread through-

out the structure of the 3-D machine. Connection pattern encoding
during the coﬁpi]étion phase can.be considered as part of the control.
These encoded control Qords are loaded in the MRC régistérs of the MC.
They go through an activation process either in the MC to set the
connection gafes, and/or in the CP to choose the appropriate ALOC's.'I
Another control feature of the machine is the X, Y, and Z de-
coders whiﬁh_form a complete address mapping of the 3-D machine; this
is fully described in Section 2.3.4.2. In a multiprogramming environ-
ment, several decoders of each type are envisioned. This replication
facilitates intermixing the instruction streams of several problems
without the.need of re]oadﬁng a single set of X, Y, and Z decoders
when switching‘confro] from one program to another. This feature
" permits one-part of a plane to work on one program while non-over-
lapping parts of the plane are-doing sométhing else. Also, a MC plane
can 5e executing a conductive transfer while andther plane is per-
forming a direct-in-cell transfer, etc. |
Computation plane control within the CP unit is more involved
than the coﬁtro] for the rest of the machine with the possib]e‘excep-

tion of the IOP. This control not only‘dssures a proper sequence of
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‘CP executioh bdt also changes the instruction stream order, (e.g.
when a branch condition fs encouhtered by the control, the CP control
examines the condition codes of all cells inside the specified boun-
daries and~signals back fo.the supervisory machine to either execute
the branch instruction or fall through to the hext instruction in
sequence). The CP control also initializes and terminafes the exec-
ution of instruction streams to be executed in the CP associated

EproceSsoréjwhich include the microprogrammed'arithmetic/logic

processor, the search for maximum or minimum processor (whose function -

“is describéd in Seétion 4.5), and any other special ‘task processor

'_to be-appénded to the CP according to the des#red type of appTicafion
algorithm to be optimized on the machine.

Thé IOP has its own control with a complexity which can be
varied to achieve a wide range of I/0 speed. A single IBSP single 0BS
| represents thé simplest I.0 structure with an I/0 speea equal to that
of éﬁ equivalent serial machine while an IOP with multipled input
stacks, dnd.mﬁ]tiple output stacks can achieve a higher I/0 rate.

Figure 2.8 shows the control and supervisory structure of the

3-D machine. It is simplified to givé a general idea of the machine's.

operation.

.2.3.4.1 Memory Cell Control

Mémory cell control is contained in the cell control word (MRC).
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MRC is a-double—word register (64 bits) which contains coded infor-
‘matfon about:
| 1. The‘gate settings for intraplane transfef connections
(42 bits).

2. The ALOC (8 bits).

3. Interplane transfer address (4 bits).

4.. The cance]]atfon number of the cell (4 bits).

The cancellation number will be described in Section 3.2.2. A
total of 58 bits of the MRC register are used, the remaining 6 bits
are used for parity checking or for future control expgnsion as
continued development may dictate.

The intraplane connections of the cells are designed in such a
way as to permit data to be stored in the register and/or bussed
through non-destructively. Figure 2.9 shows the horizontal, Vertiqa],
minor-diagonal, and inter-cell connections of'regféter MR1. Intra-
plane conneétidns for MR2 are similar.

Gates G1, G4, and_G7 are bidirectional and function to perhit
data to bé bdssed through without entering the cell. The other gates
in Figure 2.9.are unidirectional; there is a Gi§ and G;4 where G;q is-'
closed when the cell is acting as a source of data in direction i, while
Gig is closed when the cell is acting as a destination for data coming
from diretfiﬁn i. These two functions are mutually exclusive for a

given i.
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Figure 2.9 The horizontal, vertical, minor-diagonal, and inter-cell

connections of MR1.
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Since information is allowed td change direction during transfer
(é.g., from é"hbrizoﬁtal bus to a vertical bus)? and because transfer
in any inen plane of the 3-D machine is a one-shot operatibn (tﬁere
is nb temporary storage during a data transfer),'connéctions between
the different busses are essential. Four bus-to-bus connections are
provided which add four additional bidirectional gates 611, 612, G13,
and Gyg. Figure 2.10 shows the bus-to-bus connections of the same cell.

A complete description of valid connection pattern; without
conflicts in data paths is presented in Section 3.2.1. Appendix A
tabulates the connection patterns and the corresponding gates to be
closed. The results of applying the Quine-McCluskly algorithm (30)
on the combinational functions of the gates are listed in Appendix B.

A special Togic unit called the Cancellation Logic 1s‘1nc1uded
as part of each memory cell control. Figure 2:11 shows thé Can-
cellation Logic for one cell. This unit either enables or inhibits
operafion in any given cell in accord with a cancellation algorithm.
[ A complete exposition of the algorithm appears in Section 3.2.2.

The cancellation number (CN) of a cell is stored in the MRC
register of that cell as a 4 bit binary coded number representing
the set [1,2,4,9]. At execution time a comparison network (the
Cancellation Logic) compares the CN with an externally supplied
number CCi" = 1,2,3 which is in the range 0 through 15. If CCi covers

CN (i.e.; CN is one of the binary prime sum constituents of
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CCi), an inhibit signal is sent to the register for which this
matching occurs. Figure 2.11 shows the Cancellation Logic for one

cell.

2.3.4.2 The X, Y, and Z Decoders Control

As mentioned previously an address mapping is performed by
the X, Y, anaAZ decoders every time a 3-D instruction is executed.

ConSider.a typical 3-D instruction, e.g. |
(02:05;03:07) . TRAN(00,00) MR} (03) MR  (05)

The X-decoder will decode 02 as IR (the index of the first
row of the array), and 05 as JR (the index of the last row of the
array). The Y-decoder will decode 03 as IC (the index of the first
column of the array), and.07 as JC (the index of the last §o1umn of
the array). The Z-decoder will decode 03 as II (the source plane),
and 05 as JJ (the destination plane).

The X and. Y decoders are wire (or non-éonductive]y) connected
to all planes of the 3-D machine; their function is to partially
enab]e alT cells inside the array bouﬁdafies in all planes of the_
3-D machine. . A complete enabling of these éel]s is achieved by the
Z-decoder and the rest of the 3-D instruction, (the TRAN instruction
- in this example).

In the previous example all cells of rows 2 to 5 and columns

3 to 7 are pértia]]y enabled to receive or send information. The
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Z-decoder together with the 3-D instruction TRAN causes non-conduct1ve
transfer from memory plane 3 to memory plane 5 which completes the

1nstruct1on execution.

In a multiprogramming environment more than one of each decoder.

type may be operat1ng s1mu1taneous1y A program 1dent1f1cat1on
address is appended to the set of X, Y, and Z decoders to distinguish
different programs in the mu]tiprograﬁming environment.

In a feult-tolerant operating environment such as is discussed
in Chapter 5, the X, Y, and Z decoders must be able to store the
addresses of faulty rows/co]umns)p1anes of the MC. This information
is used to féo]ate the faulty rows/columns/planes as described in
Section 2.3.4.4 on IOP control. The users program resource demands
can thus be-met without any previous know1edge of faulty cells. The
machine is reconfigured such as to avoid using cells in error, but
the user doee not have to know thet fhe actual array assigned to this

problem is a scattered set of cells physically.

2.3.4.3 Miscellaneous Counters and Registers

As shpwh in Figure 2.9, for proper operation of the machine
an Instruefion Register, a Response Register, and an Instruction
Counter are required to run a single stream of instructions. The
Instfuction Register and Instruction Counter are tjpica] of those

found in any conventional machine. As for other control registers,
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it may prove necessary to have a set of each to handle the multi-
programming situation. The Response Register or sét of Registers
is needed because of the asynchronous nature of the machine. The !
Response Registér receives the end of instruction execution signal
from the 3-D machine and increments the instruction counter

accordingly.

2.3.4.4 "I0P Control |

"The main control features of thé IOP are the HCSR and the VCSR;
these shift registers.do not carry data. When an I/0 operation is
faking place, fhe X-decoder is connected to the VCSR and supplies
it withIIR-and JR (the index of the first and last row to perform
170 operatidns), and the addresses of all nonfunctional rows due.to
malfunctioning cells. The Y-decoder is connected to HCSR and supplies
it with IC and‘JC (the index of the first and iast column to perform
I/0 operations), and the addresses of all nonfunctional columns due
to ma]functionihg cells. The VCSR-clock-decoder drives VCSR with a
clock signal which is equal to the HCSR clock divided by the number
of columns to receive input.

Figure. 2.12 shows the sequence of VCSR signals for an array of
rows IR to JR. The bus intersections without a dash are 1nd1ca£ive
of the féc%'that gate VCSR(I)} of that intersection is open. Thé gates
(VCSR(IR), VCSR(IR+1), ..., VCSR(JR)) are. closed in sequence With a
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.clock signal clockn (KN), where KN has a period n times the period
of the HCSR clock signal, and.n is the number of columns to receive
input. |

The action of the HCSR is described in a éimilar fashion, see
Figure 2.13. o

The VCSR is a regular serial-input, paraliel-output shift
register which has been modified to receive the address of a faulty
row and inhibit the signals which activate the gate to the horizontal
bus 1eading to that row. These extra inputs are Qsed to achieve
" a fault-tolerant input/output operation. Two inputs‘are connected
to VCSR thfdugh a selection matrix. IR is connected to the row
selected as the first row to receive input. This single input appears
‘every clock éyc]e on a successive output IR, IR+1, .... etc. JR” which
is equal to JR+ (the number of faulty rows to be excluded), is connected
through anothér selection matrix to the row next to the last row to
receive input. JR” is connected to inhibit the output of all rows of
the VCSR next to the last row selected. This way we insure that the
gates 1ead1ngvto the busses feeding these rows will be permanehtly |
open. Figufé'2.14 is a schematic of a typical VCSR/HCSR shift register
connections. |

The HCSR 1is simi]ér to VCSR ekcept for thé clock signal as

described before.
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78

A logic gate diagram of a typical VCSR/HCSR is shown in Figure
2.15.- If a single row/column is to be inhibited, the address for this
row/co]umn fs sent to fhe fault bus and a permanent inhﬁbit signal
~is issued to isolate this one row/cofumn. For the ﬁu]ti-fau]t
situation, the ‘address. of faulty rows/co1umhs are sent successively
to the fault bus. An isolation accomplished signal is sent back
to the X/Y decoder to acknowledge recefpt of the faﬁ]t address‘and
isolation of the'fau1ty row/column. The next fault address is sent
subsequently to the fault bus. |

A schematic diagram of the control s%gna]s of the simplest

I0P design is 'shown in Figure 2.16.

2.3.4.5 'Methods to Increase the I/0 Rate

_Thé 3-D'machine performs I/0 through the supervisory machine,
or the éecondary storage system, or transduéers connected to the
machine to.accdmp1ish some real timé tasks. I/0 speed can be en-
hanced through different IOP designs which implements one or more of
~ the following: | |
1. A transducer/cell of IOP presents the fastest and at the

 same time the most expensive technique. - See Figure 2.17.
2. For an IOP of n columns, an I/0 rate n times that of the
pkigina] design Ean be achieved if one uses an IBS, an 0BS,

'aﬁd a VCSR per column as shown in Figure 2.18.




JR IR 79 FAULT ADDRESS NO FAULT

D
¢ I v |45 " o
w5 A MDA s
' S = ~D
2 47 | 1"—“3
4 R S
‘ S *—D“
9 ' R IR3
e 3 Aj: + —
i | R : s
o
o
o
o
o
o
o)
o
S
5 6
3 R

Figure 2.15 A Typical Logic Diagram for VCSR or HCSR.




80 Y

DECODER
]
HCSR
h—:I:)___ ROW | ] S
.5 )—L—] S R
R
’{:>___ ROW 2 S
Z:DI; S R
14 v 134 o
= g o o
x O
o S o o
o
R O © @)
§ ©) g O
2 -
3 0 B e
(3
#i::*‘“’ o} ROW 16 ,—1;[:>I; S
J:.' S| 2
E
DIVIDE l 'l:’
BYn
CIRCUIT
MODULE O
i 3 |S|§|
COUNTER
7 IBS j«—< input
cLOCK

< 10 ns CLOCK

Figure 2.16 The Logic Diagram for the Control Signals of IOP.




81

TRANSDUCER CELL TRANSDUCER CELL
N I 00000 1,16 1,16

O O

O O

O O

O O

O O

@) @)

O O

O O

@) O
TRANSDUCER CELL TRANSDUCER CELL
16, | 16, | 00000 16,16 16,16

Figure 2.17 A transducer/cell IOP.
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A time-muTtiplexed IOP using n VCSR's, n IBS's, and n
0BS's is capable of I/0 rate n times that_oflthe original
I0P. I/0 conflicts are very 1likely and have to be guarded‘
against through extra hardware and clever programming.

An éxamp]e of a time-multiplexed IOP with n=4 is shown in

Figure 2.20. Referring to Figure 2.19:

aj; = VCSR(k,j).HCSR(k,j) signifiés the control signal for an

J

Cij and
pectively. .
4.

1/0 operation of the cell in row'i_and

column j through stack a.

bj; = VCSR(k,j)).HCSR(k,j) signifies the control signal for an

I/0 operation of the cell in row i
and column j through stack b.

di; are defined similarly for stack ¢ and stack d res-

Zoned IOP, in which case the IOP is divided into several

‘subplanes (zones). Each.zone is treated as an IOP similar

to the original design IOP. For an IOP of m zones an I/0 -

rate m times that of the original I0P is achieved. The

- to accomplish zone control. Figure 2.20 is a block-diagram

cost function for an m zone IOP is proved to increase as

m, based upon the gate count of shift registers required

‘of .a zoned'IOP.
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3.1 Assemb]y'Language.Structure

The assembly language (SIM3D) to be described is highly
cofre]afed wifh the hardware features of the 3-D computer. In
fact‘the as;emb]y language of the machine is the most primitive
language of the machine (there ié no software assemb]ér for the 3-D
machine). SIM3D is a register-transfer-level language, and since it
is tightly boUnq to the hardware, it is appropriate to'mention the
five genera].functiona] parts of the machine. These have been
described in detail in Chapter 2. These functional parts are: the
Memory Cube (MC), the Computation Plane (CP), the Input-Output Plane
(IOP), the Connection Register Read Mostly Store (CR), and the
Control and-Supervisory Section.

There are two distinct divisions of SIM3D pfogramming having
to do with'(l) memory cube configuration instructions, and (2)
operational instructions. In a convéntiona] ser1a1 machine there are
no comparable machine configuration instructions since the con-
figuration is fixed upon manufacture. Although the opefationa]
instructions of the 3-D machine have a quite different format from
the instructions of most other machines, they are relatively con-
ventiona1'in that they cause data transfer, arithmetic and logic
operations toube carried out. |

An additional innovative feature related to the configuration

instructions is the introduction of cancellation numbers (CN) and
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cancellation codes (CC), having to do with the execution or inhibition
(cance11ation) of transfer operations in the MC and/or I/0 operations
in I0P and/or arithmetic/logic oberations (ALO) in the CP. An execute-
-inhibit mask matrix is generated through interaction between the CC
of the 3-D instruction and the CN stored in the cell. Cancellation
codes and éanée]]ation numbers are covered in detail in Section 3.2.2.
A mask matrix is an array of 0's and 1's which is generated in the
cells before execution of an instruction in the cell. A cell cannot
execute its 1nsﬁfuction unless it has a 1 for the mask matri* element
corresponding to that cell. The mask matrix elements are the com-
plements of the output from the cance]]afion 16916 described 1in
Section 2.3.4.1.
The 3-D operational instructions are a simple but powerful
set. Each fnsfruciton is a macro operation which operates on planes
or parts ofvpianes of the MC, the CP, and/or the IOP. A macro .
operation might‘be one of the following:
.a. an input/output macro operatidn
b. an intraplane (conductive) transfer
c. ;ah'interpiane (non-conductive) transfer
d. a branching operation .
~ Although’ this cateéorization is not all inciusivé, it‘is véry
descriptive uf hardware features of the 3-D machfne.

Arifhmetic and logic operations are performéd as sub-operations
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of interplane transfer when the transfer is to the CP.

3.2 Memory Cube Configuration Instruction

An interconnection schematic of a 2x2 memory plane (excluding
MRT) is shown in Figure 3.1. Each memory register is shown as a

circle and possible data paths are shown as lines.

=1
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Figure 3.1 A 2x2 Memory Plane
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It shows that with the single exception of the inter-register
path between MR1 and MR2 of each cell, MR1 registers connect only
to other MR1 registers and MR2 registers connect only to other MR2
registers. It is also significant to note that there are no edge
connections ir the array.

The third register in each cell is the control (MRC) register
and is a double word Tength register containing the bits necessary
to establish a particular interconnection structure for its pair
of memory registers. MRC also has bits that specify arithmetic and
logic operations and an execute-inhibit mode as will be described
later.

It is observed that each MR1 register is adjacent to seven
lines as is each MR2 register. A numbering scheme has been assigned
for MR1 register lines as in Figure 3.2 (a) and a similar scheme for

MR2 register lines in Figure 3.2 (b).

! /
7. 2
_ . . y :
(] v 5
(a) 4 (b) 4

Figure 3.2
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For each register, a three-digit code is used to specify (1) data
input Tine, (2) data output line, and (3) any of several special
bussing features to be explained. Input and output connection

codes and their corresponding connections are shown in Figure 3.3

for MR1 registers. Only the first two digits, indicating input and
output, are showﬁ? The third digit (for special bussing) is indicated
by a dash. For MR2 registers, the '7' Tine runs opposite to that
shown, i.e. the connection between MR1 and MR2 is designated by a '7'

in both cells.

3.2.1 Transfer Connections

In the register connection code, the first digit defines the
input 1ine, the second digit defines the output 1ine and the third
digit defines any connections in addition to those for Toad and
transfer operations.

Specifically, if the third digit is a '0', no additional con-
nections are to be made. Hence a 320 connection means input from the

right and output to the upper right.

If the third digit is a '1', an additional horizontal bus
connection is to be made. The first two digits still specify the

input and output directions. Thus, a 511 connection has input from
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¢ W & & & ¢ &
® 9P O QA
Q@ B Q & & ¢ &
oo W & & @ © &
® 0 ® W WYy W W
® ® B -0 Q-9 F
® @ ©® ®» 0 @ @ © &

Codes

ction

Figure 3.3 Register Conne
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the Tower left, output to above, and a horizontal bus.

511

A

Note that a 621 connection is illegal since it creates a conflict of

the input and bus Tline designations. Any such conflicting designation
is deemed invalid.
A third digit of '2' provides a vertical bus in addition to the

already specified input and output. A 252 connection is shown.

&

A '3' as the third digit provides a diagonal bus as shown.

<

If the third digit is a '4', a load and bus operation is per-
formed. The input appears on the specified 1ine, is loaded into the
register and also is bussed through to the output line. The original

contents of the register are lost, being destroyed by the load operation.

(59

A 124 connection is shown.
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If the third digit is a '5', a horizontal bus is added to the

1oad and bus connection. A 545 connection is shown.

Because of conflicts, such- connections as 465 are .invalid.
A '6' as third digit adds a vertical connection to the load

and bus. An example of a 366 is shown.

A lpgical completion of this progression would be to define a
--7 connection ag one with a diagonal bus in addition to the bus and
Toad connections. 'Herver,'we have only 10 digits td use in this spot
and 12 connections if the progression is followed.(another class of
connections f0110ws). The two bus patterns dropped are the diagonal
ones in each remaining class since what 1imited'experience'we‘have
indicates that they are likely to bg the-]east.uéed. .So the 7 as
a. third digit is used to indicate complete bussing only withqut load-

ing or transfer. An example is 467 as below.

AV
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Since bussing is bidirectional, the first two digits (indicating
input and output under normal conditions) canlbe interchahged and
a 647 connection is the same as a 467. |
The third digit of '8' indicates the addition of a horizontal |
bus to a bus_défined by the first two digits. An example is 428 ~ -
(or 248). |

&
S

Again, such conflicting connections as 538 (or 358) are invalid.
F1nd11y;'1f the third digit is a '9', a vertical bus is added

to the bus defined by the first two digits. An example is 259

(or 529). '

It is recognized that not all combinations are included here,
but there is an undeniable richness.neverthe1ess. Should there be
some brob]em or class of problems that ié insistent upon a change,
one will surely be made. As it stands, the simu]ator fs set up to
handle the régister connections shown.:

A cqmpiete input-output and special bussing code for each

memory cell is then two three-digit numbers in which the first three-
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digit number specifies the input Tine for MR1, the output Tine for MRI1
and special bussing for MR], respectively. The érray of three-digit
number pairs.for a given p]éne is called a principal pattefn. A
complete specifftation for a memory plane fs a principal pattern
plus an arithmétic-]ogic operation code (ALOC) for each memory cell.
- The ALOC méy vary from cell to cell, providing a computation mode
called the autonomous mode. More will be said of this in the section
oon arithmetic-logic operation .codes. | |

A pkihéipa] patfern for a simple 4xd matrixltransposé is shown
in Figuré 3.4, .in which interconnection codes are written directly
inside each MR1 and MR2. MRC is not shown. One data transfer cycle
is required‘tofeffect the complete trénspose compared to twelve
for serial operation.

A summary of the bus patterns is shown.bélow. With each

of the hew patterns is sHown the prototype conne;tion from which it

is derived. -
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3.2.2 INSTRUCTfON INHIBITION, CANCELLATION NUMBERS AND CANCELLATION
CODES

It is a'commonlpractice in array machines to have some mechanism
whereby an instructioﬁ to the array (each module in the array receiving
the same instruction in most machines) can be either executed or
ignored by individda1 mbduies depending on fhe setting of bits in an
éxecute-inh%bit‘mode register‘in each module. These mode registers
have values that can.be §et by programming and/or data value, théreby
_ providing a dynamic aspect in exécutfng patterns. ILLIAC IV (4)
and the SQLOMON computer (18) are examples of array machines having
this genéra]lfeature. The effect is to provide a partié]]y con-
figurable compufiﬁg‘ﬁéttern that is useful in array arithmetic.

The 3-D machine also has a mechanism for dynamicél]y specified '
instruction execution and inhibition. As in some qthef schemes, it
involves a‘condftioh tHat is set in each module and-.a global ;tandérd
against which each module's condition is méqsured. Those modules
meeting the global standard exetute;,those.not meeting it are Tnhibiféd.
The module condition is represented by an integer called the cancellation
number (CN) out.of the integer set [1,2,4,8] (powers of 2). A memory
plane of the 3-D machine will have a set of CN's associated wfth if

(one CN per cell). CN's are generally not the same in all cells because
it is the variatidn in CN“s that gives the échemé its‘bowér.

The CN for a given cell is assigned automatica11y on the basis
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ofJfour ppssip]elgombinations of MR1 and MRZ_with respect to their |
haVing fﬁbuts_ai not having inputs. Note that the CN aséfgned {s
'ént%rél& geométric iﬁ nature, beiqg unrelated to the daté in fﬁé‘MRl
and MR2 register. The effectiveness of creating an execute-inhibit
hask bqsed-on interconnection geometry exists because very often
there is a correspondence between data transfer patterns and sub-
sequent datq}processing operations. The CN assigned to a given
module is as %o!]ows: |

a.‘vNeither‘MRl nor MR2 have inputs: CN=1.

b. .MR2 only has an input: CN=2.

c. MR1 only has an, input: CN=4.

d. Both MR1 and MR2 have inputs: CN=8. ’ .

The,gibba] standard against which CN are measured is called the
cance]]atiqh;coﬁe (CC) and is transmitted to the array as part of the
3-D statement” (its specific focation in the statement will be shown
later but is unessential at this point). The CC is an integer, ranging
between 0 and:15. As shown in Table 3.1, each CC has a one-to-one
correspondence with one of the sixteen possible functions of two
logical vaniébTes. The Togical variables in this instance are called
MRT and MR2,fm§aning input to MRT and input to MR2, respectively.

Thus a choicéﬂdf CC-is actually a choice of a Togical function against
which MR1 and MR2 inputs of individual memory cells are compared. If,

in a given cell, the input connection causes the logical function to

¢ .
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be TRUE, execution is inhibited; if the input connection causes the
Togical function to be FALSE, execution proceeds.

The fuﬁctions in Table 3.1 are arranged so that as one proceeds
down the table {toward higher CC's), those functions whose CC's are
" not powers of two are the result of one or two logical OR operators'
aﬁp]ied to appropfiate preceding functions whose CCfs are poweré of
two. Such abpropriate preceding functions are those whose CC's will
sum to the CC in question. As a mnemonic device, the sum of the
matching CN'slis equal to the'CC in each case that execﬁtion isiin;
hibited. - .-

Thus,*éhy CC which 55 a power of two stands a1one‘1n that
only one CN matches it (cauées its associated Togical function to be
TRUE) while other CC's are matched by two or three CN's, those CN's
being the ‘unique set of CN's that sums to the given CC. As examples,
" CC =5 is'matkhéd by CN = 1V4, and CC = 14 1is matched by CN = 2V4V8,
whereas CC = 8 ‘s matched only by CN = 8. In every case of a match,
execution 1nf%hat cell will be inhibited. THe resultant execute--
fnhibit pattern in the arfqy is called a cancellation mask.
| In the'bperationa1 instruction set, a broader use of cancé]lation
codes wﬁf] be made in that for a given macroinstruction, more than
one CC mayfaﬁpéar, eaéh associated with a particular segment of the‘
overall macfdfﬁstruction.

Baéed'upon limited experience, it can be said that usefof




Ll LWL

102

Table 3.1. _Cénce]]ation Codes

Cancel everything

cC 'Logic'sym?dl Meaning Matching CN

0 - No cancellation -

1 (&MRl)Am MR2 Neither MR1 or MR2 have inputs 'II

2 (&MR1)AMR2 Only MR2 has an input 2

3 AMRL No input for MRI V2

4 MR]ANMR? . Only MR1 has an input 4

5 WwRE No input for MR2 1V4

6 : MR1 #'MRZ One of MR1, MR2 has an input 2va

7 (WMR1)VAMR2 No input for MR1 or for MR2 1V2v4

8  MRIAMR2 Both MRT ahd MR2 have inputs 8

9 MRl - MR2 0 or 2 inputs for MRT, MR2 V8
100 MR2 . MR2 has an input 2V8
11 (WRT)UMAZ Either MR2 has input or MRI

S . doesn't, or both 1V2Vv8

12 MR MR1 has input ave
13 MRTV&Mkz‘ Either MR1 has ‘input or MR2

_ - doesn't, or both 1V4V8
14 MRIVMR2 Either MR1 or MR2 or both -
| o ‘ has an input 2V4V8
15 1 :'7ﬁ

1V2V4v8




- L. A T A I )

103

appropriate combinations of transfer patterns and cahce]lation codes
is an art form or Gestalt operation. Its ultimate value is yet.
unknown.

. 3.2.3 OPERATIONAL INSTRUCTIONS

3.2.3.1 Ihstﬁuétiona1 Format

Operational instructions are of fixed format, consisting of

the five fields in sixteen columns each as shown in Figure 3.5.

............................................. pommme e e ———————
Field 1 2 3 4 ba 5b

Column | T 16} 17 321 33 .48 4964 | 6570] 71 80

Desc Bound 3-D Instr. L Source L Dest L ALOC | Label

a. Operational Instruction Format A
(01:03;01:04) TRAN(00,00,16) ~ MR(04) CP FAD 555
b, A Typical Operational {nstructidn ' |

Figure 3.5

Details of each field will be covered in the following sections.
As a pré1iminary remark, it is seen that operational 1nstruptiohs

have embedded within them a 3-D instruction, which defines only the
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spec1f1c operat1on to be performed w1th1n the 3 D mach1ne but does
not spec1fy any boundaries, source destination, etc. Th1s distinction
between operationa1 instructions and 3-D Instructions will be carefully
maintained in subsequent sections. 3-D instruction§ will be covered
in a separate sect1on |

It 1s worthwh11e to note that any XDS Extended FORTRAN IV
statements are a1so operational instructions, prov1ded they have an
'F' in Co]um‘n_]_° Familiarity with FORTRAN is assumed and no further
syntactical dfscussion will be made. References to the utiTity of

FORTRAN'in.SIM3D programming will be made at appropriate points.

3.2.3.2 F1e1d Descr1pt1ons
F1e1d 1

Field" 1 1s'a boundary specification field for the rows and \
columns on which the-3-D operation will take place (subject to further
1nhibitiqn'by CC and CN). An 'F' in thevfirst coTumn of Fié]d 1
signifies é'EORTRAN type statement (non-array) which is executed
exc1usive1&;5& ?he supervisory machine. This allows a mixedvstream

of 3-D and:EORTRAN statements providing capabilities for 1oopihg;

branching, ihdexing,'counting, etc. A 'C' in the first column signifies

a comment in the usual FORTRAN sense.
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Example
| col 1
(01:05;02:07)
This~sﬁeéifies a 5 x 6 array in which the instructidn is
effective on rows 1 to 5 inclusive and colums 2 to 7 inclusive.
Field 2 . | |
The 3-D instruction fits into Field 2. The instruction is
appended by tWo or three cancellation codes. The first cancellation
code (CCT) cqnépructs a cancellation mask which applies to operation
on the confenés%of the MRI1 régister. The second éance11atjon code
(ccz) does_thé‘éaﬁe regarding the MR2 register and the thfrd can-
cellation code (CC3) will not only allow or inhibit the ALOC but a]sé
differentiates between a local ALOC for each cell and a global ALOC

for all cells.inside the specified boundaries. CC's are used only in

the interplane transfer instruction (TRAN) when CP is the destination.

Refer to thé following section on 3-D instruétions for complete

details on CC3.

Example
col " 17
INPT(00,15)

This. i's an input instruction which inputs data into the MRI
registers'of4th% cells specified since CC1 = 0. This instruction

inhibits input. to the MR2 registers since CC2 = 15.




Ll L [ ATl N | (L

106

Example
| £ ¢ol 17
NPT

An ihput'instruction is valid without a cancellation code
when the_input is to a control register (MRC‘of CR registers).

Fieid 3

Thjs fje]d specifies either a source of information or a des-
tination fo}j%ﬁ? information depending on the type of 3;D instruction.
In input operations it signifies the destination in the 3-D machine
for information cdming from the input buffer stack. In output

operations it signifies the Tocation in the 3-D machine from which

output will be transferred to the output-buffer stack. In transfer

operations it signifies the data source.

ExaripTe |
.;601 1 col 17 col "33
(01:02;02:04)  TRAN(00,15) MR(04)

This'is a transfer.instruction from the MR1 registers of
memory plane 4. MR2 regfsters are unaffected since CC2 = 15.
Field 4. | |
This.giéld specifies the destination for data transfer.
" Exarple |
ol T col 17 col 33 |col 49
- (01:02;02:04) TRAN(00,15) MR(04) MR(16)
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This.ié a complete 3-D instruction for a transfer of the
contents of the MRI registers of plane 4 to the MRI registers of

plane 16 for rdws 1 and 2 and go]umﬁs 2 through 4 of a 2 x 3 array;

'-MR2 registers are again unaffected.

Field 5

Field 5 is divided into two subfields:

A. Field-5a |

This ié”feserved for the ALOC when the CP is operated in a

ganged mode. ‘This fie]d occupies columns 65 through 70.

'Exahp]e
$ col 1 $ col 17 col 33 col 49 -$ col 65
(01:02;02:15) TRANS(O0,00,]G) . MR(04)  CP FAD

This transfers the contents of the MR1 registers and MR2
registers ofimehory plane 4 {within the specified boundaries) to the
correspondﬁné’éPA and CPQ registers, respectively, of CP. A'floating '
point addition islperformedlby all non-inhibited CP cells, and the
results aréfétored'in the CPA's.

B. -Field 5b

fhisjf}}resefved for Tabels. A Tabe1.is a numeric figure of
up to 10 de¢im$1 digits which can be stored anywhere in columns 71

to 80 of the:card.
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ExampTe . . _ o
| % ol 1 - col 17 col 33'|col 49 | col 65 * col 71
(01:02;02:04). TRANS(00,00,16) MR(04)  CP FAD 555

‘The instruction is identical to the previous ekamp1e'excebt for

having 555 appended as a Tabel.

3.2.4 3-D INSTRUCTION SET

There.are-three bésic types of instructions to fit the archi-
tecture of phé-S-D machine:

a. ,ippyt/Output.(I/O) instructions

b. ITrénsfer instructions
. C. 'Bfaﬁcﬁihg instructions

3.2.4.1 Input/Output (I/0 Instructions):

INPT is.an input instruction which causeéltwo sequential
operation§:\'.' |
a. 'Transfer of data by rows from the input-buffer-stack to
the I/0 plane (within the spécifiedjboundaries).
b. ‘Transfer of the contents of the I/0 plane to a memory', |
' ﬁTane (specified 1h field 3) within the same boundaries

“~as above.
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OUTP- is an output 1nstfuctionlwhich does exactly the reverse
of INPT, i.e.:
a. Trénsfer of‘fhe contents within specified boundakieg of
the ﬁgmory plane specified in field 3 to the I/0 plane.
b. fTEéhsfer by rows of the contents of the I/0 pTane within

the specified boundaries to the output-buffer-stack.

3.2.4.2 Transfer Instructions

CTRN .

CTRN 1§'én intraplane transfer. This instruction -moves infor-
mation within the specified boﬁndaries of a given plane. Data trans--
fer into a register can be inhibited (cancelled) by the cancellation
mask. Output from a cell cannot be 1nhibited.

DTRY

DTRN'is;a direcf (intracell) transfer. This instruction trans-
fers the cbhtgnts of the MR1 register of a cell to the MR2 register of
. the 'same cé]i or vice versa. Tran;fer di(ection depends on field 3
' (sdurce fig]d)“and field 4 (destination field). This transfer is also
subject tq-é cancellation mask.

TRAN

ITRAN'}sjan interplane transfer 1nstruct16n having four possible

transfer mbdesi (1) from memory p1ahe toimemory plane, (2) from
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connection régister p1ane to memory plane control register, (3)
from computation p]ane to memory p]ane and (4) from memory plane to
computat1on plane. .

MP tp-MP.transfer requires two.cance11ation codes, CC1 and CC2,
referring to'MRi tkansfers and MR2vtransfer fespective]y

When TRAN is executed as an interplane transfer. 1nstruct1on,
MR1 reg1sters transfer only to MR1 reg1sters and MR2 registers trans-
fer only to MR2 registers.

CR to MRC transfers are made to establish new principal patterns
in memory p1ahe$ and are not subject to a cancellation code based on
previously e*i§%1ng patterns. No CC's'need be appended to TRAN
upon such a,;ransfer. ‘

| Tfangférs from the CP to a MP are performed in a similar manner
with CPA (the accumulator) being transferred to MRT and CPQ (the. Q
register) being transferred to MR2. The cancellation mask constructed
from CC1 (foﬁ-MRT) and CC2 (for MR2) is based on the principal pattern
of the dest1nat1on plane in the MC.

When a transfer to the CP occurs, a third cancellation 6ode,
CC3, is used and an ar1thmet1c-1og1c operat1on code is transferred
concurrent]y with data. This ALOC is the one appended to the memory
plane pr1nc1pa1 patterns and, under proper conditions of CC3, govern§
the arithmeti#%ﬁogie operations of individual cells in the CP. -

Tab]e,éﬁﬁ lists fhe set of currently operationa]'ALOC's.
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) The last card in any program (not including data cards) is
the:STOP:fhgtfuqtibn which begins in column 17;. The STOP instruction
‘gerveg twd.parpbses: it marks the division betweeﬁ program aﬁd data
during the translation and file creation segmeht, énd it signals the
usual termination of execution during the execution segment.

Input data is of two types: numerical data and interconnection
pattern configuration data. Numerica1 data has an input format of
8E10.3 and need§ no explanation. Interconnection pattern data ié
read through a' format of 4(I3,1X,13,1X,A4,8X) and takes a little
arranging.'*The sample field bé1ow shows a typjca] input.

| .+ col 1 col 12

- 760 667 FSB
This §pec1fie§‘that registers MRT and MR2 are to have connectipné
correspondiﬁgltb 760 and 667, respectively, and that an operation of
floating subtraction is to be performed when any transfer is made
from this memory plane to the computatioh plane, provided that the
transfer is made with cancellation code less than 16, i.e., the
autonomous mode of.computation p1ané operation is in effect.. The
next fie]ds'pégin'in columns 21, 41, and 61,‘fespective1y. Thus a
éomp]ete.80'éoﬁumn record of interconnection pattérné_has four.sets
of SpecifigatibnAof principal patterns and ALOC's.

Termination of the data set is indicated by a record BEOD.

This differs ?rom the standard {EOD only in the omission of the !
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symbo1 (wh1ch wou1d be’ 1ncorrect1y interpreted as a mon1tor control
'card), i.e., co]umn one is Teft b1ank

As before,‘CC1 and CC2 refer to transfer of MRT and MR2, and
their destinatfons are CPA and CPQ;'respective1y. Since each.cell
in memofy hé;fah individual ALOC,.Various cells in the CP may be
instructed to perform different operations upon a. MC to the CP tréns-
fer.v Such oﬁéwations'in-the CP occur when CC3 is in the range from
16 to 31, this indicates that the ALOC of fhe MP is to be ignoredlby
the CP and that the ALOC in field 52 is to be‘u$ed in ganged mode
" execution by Fhe CP. Agaiﬁ execution is subject to a‘cance11ation
-ma;k based;bn the MP source, in addition to the boundary specifications -
of field 1. ‘Tﬁe effective CC3 insofar as cancellation mask con-
struction ié éoncerned is computed as CC3 = CC3 modulo 16. As
examples, CC3 = 23 indicates a g1oba1 CPeg;erat1on under CC3 =7;
CC3 = 16 indicates a g1oba1 cp operat1on chf% 0 (no cancgffation).

3.2.4.3 Branching Instructions

BRNU ..

Thi;‘{ns#ruction causes an unconditional branch to the oper-
ational 1nstfudfion whose Tabel appears in field 3 of the BRNU
..fﬁstfuétion, Note ‘that this instruction makes a new use of field 3.
BRNZ:CaQses a branch if the contenfs of all MRI and MR2
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registers of the last memory plane referenced are zero By se1ect1ng
appropriate. values of CCT1 and CC2 desired MR1 and MR2 reg1sters, res-
pectively, can be masked out of the comparison process.

BRNF caises a branch if the qoutents.of all MR1 and- MR2
registers of the last memory plane refereﬁced are less than a
'cdnstaht Thisiconstant appears in fie]d 4 of the operationa1.1nstruc-
tious The effect of CC] and CC2 is ‘the same as in BRNZ.

. STOP .

STOP suspends 3-D machine operation without affecting register
contents and puts the control unit of the 3-D machiue in the first
phase of ifs fetch cycle. It then suspends operations of the super-

visory machine.:

3.3 The.Simu1ator (SIM3DMIX) )

A simulator (SIM3DMIX) for the 3-D machine is available for
use. Appenuix C is a Tisting of SIMSDMIX.; This simulator was wrifteu
in FdRTRAN for batch mode exeeutiqn'on the Sigma 7 computer and can be
executed 16¢a1jw through card input or from remote'teumina1s. FORTRAN

has been‘se]eCted over the assemBTy.1anguagefof,the.1oea1 computef
(METASYMBOL,for the Sigma 7) te maketif possibTe to use the simulator
on other computers Spec1f1ca11y, the Extended XDS FORTRAN v (52) has

been -used. Th1s version of FORTRAN has some features, not ava11ab1e
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in standard FORTRAN IV, which allowed efficient data man1pu1at1on down
to the bit ]eve] This is realized by using the in~1ine assembly
feature of. XDS FORTRAN, in which assemb]y Tanguage statements can be
included 1n the FORTRAN program (52, 54). In-line assembly language
statements are -identified by an S in the first column of the card
(record in genefa]). This in-1ine assembly makes it poseib1e to do
bit and byte maﬁipu]ation very effectively Without the need to call
'1engthy FORTRAN_subreutines. This capability not only save time tn
writing these-EbRTRAN subroutines, but also made it possible to have
a reasonab]e“sfze.simu]ator program (25-40 K words). The 25K words
option can run on moat general purpose (GP) computers without overiay.

A 3-D machine program consists.of a mixture of operational
instructione and FORTRAN statements. The operationa1linstructions
control executfon within the array while the FORTRAN instructions
give program-sf}ucture through DO Toops, FOR and WHILE statements,
arithmetic and logical IF statements, indexing, counting, etc. As
an example, the set of statements

- F D015 I=1,7 ‘
(Group of operatienaﬁ.instructions)
“F 15 CONTINUE |

will cauee seven executions of the operat1ona1 instruction group.

FORTRAN statements in SIM3DMIX are identified by the character -

'"F' in column 1 and they must have this character. ‘Failure to insert
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the 'F' will result in an error message. This restricts FORTRAN
Tlabels to columns 2 through 5 but is not expected to pose any proplem.
Statements 1 through 9999 should be sufficient. Also, since SIMSDMIX
eventually prodaces a program entirely in FORTRAN, labels cannot be
duplicated on FORTRAN statements and operational instructions. Any
label can be uséd only once in a program. This allows an operational
instruction to be treated the same as a FORTRAN statement in that it
has a distﬁnct label and can be the object of a branch or the terminal
statement of é'DO 1oop,'etc.

Commehts_;an be inserted in the program through the usual method
of placing a;fC' in cojumn one. They wi11 appear unchanged in the |

translated program.

3.4 Program Organization and System Considerations

A génerq] 3-D machine has been de;cribed so far, with an ixJj .
array .of ce]}sfin the MP with k planes in the MC. As far as a pro-
gram to implement that machine simulation is concerned, some decision
"on i, J» anq k had to be taken. |

SIM3DMIX as presentédlin'Appendix C and as has been run on the
Sigma .7 computer, is an'interpreter simulator for a 3-D machine méde
o up of: . ) | _
1. 'AMC which is a.stack of 16 MP's, each MP is a 16x16 array

: bf_ce]]s. 'Each cell contains MR1 and MRZ-regisfers; each
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if a full word register (32 bits). An MRC register for
each ée]] stores a metapattern instead of connection gates
seftings. A metapattern is the result of applying a special
subroutine (SUBROUTINE PACK of Appendix C) to the conn-
ection codes. SUBROUTINE PACK finds the source register

fqr.the particular register'under consideration if any

-exists. The stored information in'MRC as implemented in

byte
byte
byte

" byte”

byte
byte
byte
: bytg

thé simulation (thislis different from MRC of the 3-D
maéhﬁne itself due to the difference between gate level
design and register level simulation), consists of 8
bytes packed as follows:

1: 1is the source row address for MRI.

is the source column address for MR1.

is the source row address for MR2.

: *is the source column address for MR2.

is the CN.

s the most significant part of the ALOC.

I o ) W4 1 T Y 7 T
N e LX) - e e

7: s the least significant part of the ALOC.

8: 1is unused.

An MRT:register for each cell is provided as a temporary storage

location. =

2.

. An IOP capable of I/0 operations according to the simplest

scheme described in Chapter 2.3. This IOP has a 16x16

';arféy of registers similar to the MRT registers in the MC.
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3. ACPofa 16x16 array of computer ce11s. Each cell has

two registers CPA .and CPQ in addition to the transfer

register CPB. The ALO's go according to the CP description

'in.Chapter 2. .
4, A'Cstection as a stack of 10 control register p1énes.
EachiCR b]ane is a 16x16 array of control words identical
. to the MRC words.
fxTypicél runs of the program indicate the need fof between
35-40 K words of core memory in addition to the requirement of writing
some scratch disk ff]es in the SIM3D-to~FORTRAN translation stage.
of compilation..
By reducing'the size of the MC to 8 planes of 8x8 cells each
and using 8 CR‘planés, the core memory required to run SIM3DMIX
can be reduced to 22-27 K words. | | .
SIM3DMIX does not simulate the gate level of the 3-D. machine;

neverthe1ess, 1t g1ves an 1nd1cat1on of. the feas1b111ty of building

the 3-D mach1ne The reg1ster transfer level which is the theme of

this thesis 1slvery well implemented in SIM3DMIX.

3.5 Use of the Simulator
The 3- D'éimulator operates in a two;pass sequence: (1) Mixed
operat1ona1 1nstruct1ons and FORTRAN statements are trans]ated to

an: equ1va1ent~FORTRAN programs; and (2) the equ1va1ent program is
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_executed. The translation is accomplished through calling a load

module names'SIMSD and inputting the 3-D program'compiete with data.

This input can be in the form of cards, teletype records, or a pre-
constructed fj]e stored on disk or tape. No matter what the 3-D

program source, SIM3D will create three addifiona] files: one of

the original 3-D program (complete with data), one of the trans-‘

Tated program and one of the data section of the original 3-D
program. |
The oﬁigina] program file is created solely as a convenience

to the user. Affer SIM3D has produced the translated program and
associatedﬂdqta files, it is not necessary that they be immediately
executed. The hser‘wij]_have a record of the prfgina1‘program and
data set as“@his original file is the first printed outbut that
occurs upoﬁ execution of the translated brogram.

l ‘The ‘translated program is a set of FORTRAN statements of the

original program. (This package of FORTRAN subrohtfnes éxistslin a

separate file called SUBP whose proper references will appear Tater).

c

In creating ‘this set of subroutine calls, SIM3D extracts the instruc-

tioh type;.regjon of activity, source and destination, cancellation _

code, 1nstructi6n label and ALOC from each operational instruction,
and constructs one FORTRAN call per operational instruction. At
execution time; the subroutine will perforin the actual simulation.

Thé'data section of the original 3-D program is stripped off

£

—
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by SIM3D ahd'put unchanged into a separate file to be used as data
input at .execution time. . | ;
Within SIM3D, the DCB assignments are: F:110 for the original
fiie; F:109 for the transTated program file; and F:115. for the data
file. In the ;amﬁ]e set of control and program statements, these

- assignments will be shown.

3.6 Typical Program Arrangements

Commands-for executing the program from remote terminal differ
somewhat froh those required for batch mode execution, and there-
fore two sets of records for program execution are shown in Tables
3.2 and 3.3. 'Each comménd set is 1n‘turﬁ divfded into two subsets,
one requfred For translation and the other for execution. For terminal
execution, 1; is assuﬁed that a 3-D program has been created under .
EDIT or by similar means and that it is in a file named SIMS. It is
also assumed that output is-desired on the Tine printer. If Tocal
| teletype outppt is desired, omit the !SET F:108 LP command in terminal

execution. ..
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- Table 3.2 Execution Via Card Input -

Translation
Segment

Execution
Segment

1JOB XXX,NAME,PRIORITY.

ILIMIT (TIME,10), (U0,200), (L0,200),(CORE,40)
IASSIGN F:109,(FILE, SIMLOAD), (OUT),(SAVE)
IASSIGN F:110, (FILE, SIMPROG),(OUT),(SAVE)
IASSIGN F:115,(FILE,DATA),(0UT),(SAVE)

IRUN (LMN,SIM3D,667)

(The 3-D Program)

" JASSIGN M:SI,(FILE,SIMLOAD),(IN)

IASSIGN F:110,(FILE,SIMPROG),(IN)
IASSIGN F:105,(FILE,DATA),(IN)
IFORTRAN LS,G0,5,BC,SI

ILOAD (60) (EF,(SUBP,667),(EXEC)
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- Table 3.3 Execution Via Terminal

LOGON, XXX ,NAME ,PASSWORD

ISET F:108 LP |

ISET F:109 FILE/SIMLOAD;OUT;SAVE

| ISET F:110 FILE/SIMPROG;OUT;SAVE
Translation. . S
Segment . - ISET F:115 FILE/DATA;OUT;SAVE
.+ ISET F:105 FILE/SIMS;IN
ISIM3D 667

- (the machine will reply with *EXIT*. This
may take some time.)

ISET M:SI FILE/SIMLOAD;IN
ISET F:110 FILE/SIMPROG; IN
k ISET F:105 FILE/DATA;IN
Execution : -
Segment IFORT SIMLOAD
| OPTIONS > LS,60,5,BC
IRUN $, SUBP

(again the mach1ne will reply with *EXIT*
and may take some time to do so.) .

IOFF
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APPLICATION OF THE 3-D COMPUTER TO MATRIX
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4.1 General Remarks

-_.A1¢h0qgh>£here s no accepted or standard:means to measure
parallel processor performance, theoreticai estfmates_of execution
time of certain'métriX'oriented problems are indicative of baraT]e]
processor performance. In this sense, the 3-D machine is more effective
than its predecessors in executing matrix oriented prob]ems if the
different pianes 6f the machine afe operating in an overlapping
fashion, even with essentially unchanged'a1gof1thms. The three fun-
damental matrix:operations of transposition, multiplication, and in-
‘version will be described. For these operations on nxn arrays using
non-overlapping algorithms, execution time of the 3-D machine is

proportional to n compared to n3

in the case of an equivalent serial
machine. A %actor gréater than one to one improvement in execution

time over the Mulder machine results fﬁom separatiﬁg the I/0, data
transfer, and c%mputation. For a problem which uses x% of the exééution
time doing f/O, y% doing data transfer,'and z% doing computation, |
the 3-D machine executidn time couid be as low as the maximum of

(xs ys 2)% cbmpared to a 100% for the Mulder machine. In the following

sections some parallel algorithms are described. Listings of pro-

grams to implement them and execution summaries are in the appendices.

4.2. Matrix Transpose Algorithm (MTA)

The MTA assumes that the hatrix is stored in a set of MRI
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registers in a natural order, i.e. an nxm matrix is stored in a
set of nxm contiguous cells. The matrix described herein is assumed

to be an nxn matrix, although the MTA algorithm is generally

applicable to non-square matrices. A graphical representation des-.

cribes the transfers which take place during the transposition
process. SeeﬁF%gures 4.1, 4.2, 4.3; 4.4; 4.5. In this representation
an 'X' in é cell means the element in that cell is in the proper
location and is to be undisturbed; a 'D' means that the element is

to interchahge position with the symetrically 1ocated_e1ement on

the minor diagonal through that minor diagonal's bus (i.e. an i, j
element interchanges pbsition with the j, i e]ehent); and '0'

means that an ii_j element is transposed through a horizontal then

"~ vertical (or'vertica] then horizonta]) bussing where the direction

change from one bus to the other is through the first 'X' encountered.

4.2.1 The Algorithm

Thi; a1§orithm describeé how to write ‘intraplane connection
patterns to accBmp]ish a transposition. The number of connection
patterns réquired to transpose an nxn matrix is equal to [zh—l)/B A
where the symbois[“]signify the integer ceiling function, defined

as the smallest integer greater than the floating point number

enclosed.

The algorithm requires [}n-])j;] cycles of intraplane trans--

3
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fers cohpared'fo n2 - n cycles in the equ1va1ent serial machine
(this figure does not include the serial machines bookkeep1ng t1me
for array 1ndex1ng). The MTA proceeds as follows:
step 0: k<« 0
.step 1: For each row, interchange the two elements to the
right of the last X in that row in.the D. sense.
| .“ The third element is interchanged in thie 0 sense.
step é:-‘k'+ k+1; if k < [zn-l)/§7 go to step 13 other-
wise done. |
Figures 4.1 to 4.5 show the schematic of the successive
cycles of the MTA. .Five CR words/element are essential to havé a
prestored MTA'sufficient fo'transpose matrices up to'16x16.
Appendfx’D is a Tisting of the MTA for a 4x4 matrix. A

* general program for an nxn matrix is obvious.

4.3 Matrix Multiplication Algorithm  (MMA) .

The MMA proposed is a version of the MMA ‘presented by Rudberg'
in 1968 (40). It requires a number of execut1on cycles proportional
to n for an'qu matrix A multiplied by an nxp matrix B. This in con-

3

trast to a requirement proportional to n° cycles for the equivalent

serial machine.
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Figure 4.1 First Step of Matrix Transpose Data Flow.
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Fourth Step of Matrix Transpose Data Flow.
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4.3.1 The.Algorithm

The MMA assumes that matrix A was-brevious]y stored in the

MR1 regiéters oé a given MP in natural order and that matrix B is

stored in the MR2 registeks of the same plane in natural ofder. The

algorithm is'as follows:

sfep 0:.
step 1:

k<1.

Transfer the first column of A to an unassigned MP

" to form a column submatrix and the first row of B to

" “the same MP to form a row submatrix.

step 2:
step 3:
step 4;

. step 5:

of-A and B.

Transfer the column submatrix of ‘A found in step 1 of
the MP and Tikewise the row submatrix of B to n rows
of that séme MP as shown in Figure 4.6. |

Transfer the MP of step 2 to the CP and perform a

. ganged multiplication operation. Add the result of

:mu1tip11cationvin each cell to a register in each cell

of the CP which are treated as accumulators.
Shift matrix A one column to the left and matrix B
one row up‘as shown in Figure 4.7.

k«k+1; if k < n go to step 1; otherwise done.

The contents of the accumulators in the CP are the product C

Appeﬁdix E is a listing of a program to implement the MMA on

SIM3DMIX. A summary Of results is included.
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4 4 Matr1x Invers1on A1gor1thm (MIA)

T A parallel version of the Gauss-Jordan matr1x 1n§ers1on-'
'algorithm (16) has been writtgn and tested. It is recognized as
being far from the most effective use of 3-D machine resources for
such an operatfbn. The number of execufion cycles is proportional
to n in the case of an nxn matrix, contraéting'with‘an n3 fighre'fbr
~ the equivalent serial machine. The MIA can also find the solution
of a set of simultaneous Tinear equations with no- execution time

penaities.

4.4.1 The Algorithm

For the solution of n simultaneous linear equations and the
associated prqb]em of finding the inverse of their coefficient métrix;
assume that an nx(2n+1) array of cells bf the 3-D machine is a?ai]ab]e
on each of three MP's. Assume that the set of eduations is stored in
the first'ﬁx(n+1) portion of the array and the identify matrix I in
tHe second nxn.portion, 1.e¥, the arrays should be organized in the

MP'as follows:

ay - Arp  eeereeees 2 | X1 1 0 el 0
81 B, cesenaas aZn L X9 0 1T ..., 0
ay ano 3 Xn.- 0 0 ...... 1
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These elements are initially stored in the MR1 registers of
MP1. The case -of a zero'pivot_(i.e. ajy = 0) is recognized and -
handled by,intérchanging two rows and two columns of.the array as
deséribed in the algorithm. The algorithm is as follows:
step 0: k<« 0
step 1: . Transfer MP1 to MP2. o
step 2; CIf a1],of MP2 is zero interchange the”first_two rows
| . j,jand interchange column n+2 and n+3.
stép 3;: Transfer ajq of MP2 to all MR2 regjgters of the first’
| row. | |
step 4: In MP2 transfer all MR2 registers of the first row
' " ~to all MR2 registers of all rows of the array.
step 5: Divide the contents of the MR1 registers by the con-
© " tents of their corresponding MR2 registers and return
" the result to another MP, e.g. MP3.
step 65 For MP3 propagate the contents of the MR1 registers of

all rows except for the first row to the MR2 regiéters

of the same row. Multiply the contents .of all cells
| ‘except for the cells of the first row.
sfep 7:-'Transfer the contents of all MR]’regiStérs of MP3
~ directly to the MR2 registers of the same cells;
" subtract the‘MRé regiéfers of MP3 from the contents
of the MR1 registers of MP2 and stofe the results
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in MP2.
step 8: In MP2, interchange the MRl regisfers of the first
' column with column k + 2 and interchange the MR1
registers of the first row with row k + 2.
step 9: k + k +-1; if k < n go to step 2; otherwise done.
The MR1 ;egisters of columns 1,2,..,n of MPé contains the I
matrix, column n+1 of MP2 contains the solutions for the set of
equations, and columns n+2, n+3,....,2n+1 contains the matrix
inverse.
Appéndix5F is a ]1sting of a prog}am to implement the MIA

.on SIM3DMIX, a summary of the results is included.

4,5 Search for a Maximuﬁ or a Minimum Element of an Array, Algorifhm

(MMESA)

The algorithm described here is'organized in such a way as to

- give a search time independent of the size of the array under search.
This algorithm is writtén to be direct1y implemented in hardware.

The hotive behind this algorithm is the rapid .solution of mini-
mization a1gér1fhms (37).' A microprogrammed search processor is
directly attached to the CP of the 3-D machine which can be initiated
directly by the supervisory machine to find the maximum or the mini-
mum of an afray which has been already transferred to the CP. The

algorithm requires that_thé CPA registers.can function as left
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CiFCU]aF shift registers and that a flag (an R-S flip-flop) exists
fd} the condition of each CPA register. |

Datanshould be represented in a 2's'comp1ement floating poiﬁt
form for the algorithm. The algorithm can be modified to accomodate
other forms‘of data representation. A mask matrix which is part of
the cance]]étion'strhcture of the 3-D machine is assumed (previously
describediin_ééttion 3.1): -Any element in the array which is not to
be inc¢luded in the search is declared so by storing a 0 in the Tocation
in the mask matrix corresponding to that element. SHIFT (k,I)
indicates that bit Tocation k of word I is Tloaded in the wost sig-
nificant 1q¢ation in the shift register to be proce§§ed (on'the left

end); FLAG(I)‘is the flag corrésponding to word I of the array.

-An nxm array is transferred to a 11neaf one by using the index

relation:

I=3+ (i-1) xm

4.5.1 The Algorithm

step 0: If for some I, SHIFT (1,j) = 0; THEN for all- I,
* MASK (I) « (SRIFT(T,I) @ MASK(I).
step Ttk + 2 | -
"step 2: FLAG(I) < (SHIFT(K,I) @ MASK(I)
step 3: IF for all I, FLAG(I) = O3 THEN for all I, FLAG(I)

.+ MASK(I), kek+1, go to step 1.
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step 4: IF z FLAG(I) = 1 go to step 5; otherwise
| all I

MASK(I) <« FLAG(I) @ MASK(I); kek+1
stepIS:A IF k=32 there is more than one element with value
'.-equa1 to the maximum, take the one with the Teast .
index I as the maximum, go to step 5; otherwise go
to step 1.
step 6: Done with I the index of the maximum element.
The maximum of the afray is contained in CPA (k,j) where I
= j + (k-1). By initially applying the complement operation on the 1
- array, the algorithm can find the minimum element of an array.
SUBROUTINE SRCH of Appendix C fs a FORTRAN implementation of the
MMESA. |
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FAULT-TOLERANT DESIGN AND OPERATION
OF THE 3-D COMPUTER
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5.1 Introduction

A fau]t—toTerant design is a very involved problem, manifesting
 itself in bbfh'the hardware and software design of the 3-D machine,
reaching fkdﬁ the logic gates through the operating system. Since
the objecfive of this thesis is to describe the register-transfer-'
level design, with partial gate 1g§e1 design for only nonconventional
parts 1ike the-memory cube, this Chapter on fau]t-to]eranf design aﬁd
operation should be_considered more of a guideline for future research'
rather than a final decision. In what fo]1oWs;quant1t1ve analysis is
avoided-whfch can be found iﬁ References 1, 3, 10, 11, 19, 21, 28, 36,
and 46. |

5.2 The Necessity of Redundancy

Faultrt61erant computing can be defined és the'process of
producing reliable results using hoh-re]iab]e circuits or non-reliable
data. This is in.contrast to information theory Which assuhes the use
~ of reliable circuits on non-reliable input information. FauTt-tolgrant
computing is egsential for the 3-D machine operation fdr the following
reasons: - |

1. It is desirable if graceful degrédation of performance is

h'attained. Gfacefu] degradation means.the capability of'
‘the machine to keep executihg‘the job at Tower and lower

;beeds_as more and more hardware.fails until this failing
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hakdﬂare is replaced or the problem has been solved. This
“graceful degradation is only possible through hardware
and softiare redundancy. This is in contrast to the in-
~‘elastic or catastrophic failure 1imits exhibited by other

modes of fault-tolerant oberation (1, 3, 27, 35).

2. The 3-D machine could be Tocated in places that ﬁrec]ude
ménua] repair when needed. | |

3.: As a real-time control processor the 3-D machine has ample
-hardware complexity which makes the machine Tiable fo fail
more often than a simplistic machine. One way to increase
'thé mean time between failures is through redundancy.

4. The penalties for fault incurred in certain machine

applications can be very serious.

. 5.3 Remarks on Fault-Tolerant Techniques
In thé'ear]y days of computers highly reliable componénts were .
emphasized to improve system re11abi]ity. It is an approach which may
continue for-years“(36) but is nbt a sole alternative. |
Hadearé redundancy was infroduced by Von Neuman (46) in 1956.
Hardware redundancy simpTy méans the use qf extra parts so systems
cah operate correctly with some parts faiIing before system oheration
starts to:degrade. Very few of the hardware redundancy techniques

are such thaf the degradation is graqefuT;
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Software redundancy may be included whenever system timing -
'perm1ts (the main concenr here is about real time applications).
Software redundancy includes multiple solutions and roll-back

methods (]1)7

5.4 Hardware Redundancy Methods

At dffferent 1eVe1e of the system, different,redondancy‘methods
are used; of these the following two methods are described:
1. Parity checking and information coding.

2. Voting and decision devices.

5.4.1 Parity Checking and Information Coding

Error correction can be accomodated by appending an appropriate
number ofherror'correcting bits (21) to the data.word; As an examb1e
a,32-bdt data word requires six bits for a single-error-correcting
Hamming code (21). In general, the re1atdon between the number of
informationfbits n and the number of correction bits k for single |
error-correcting code'ié (21)
| >y > nk+

TabTe-Sfllpresents'the smalTest‘number of'correctino bits for
several values of n. -Multiple error detecting and/or correcting:

codes are discussed in the .literature on coding (20, 21, 48).
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Number of Correcting Bits Requ1red for Different

Values of Word Size.

Information‘Bits Extra Bits

n | k

1 2

2 3
4 3
8 4

16 5

32, 6

64 7




1 T Ll

144

5.4.2 Vot1ng and Decision Dev1ces

Vot1ng and decision devices are devices which receive three
or more inputs and produce a single output which agrees with the

majority of these inputs in the case of majority voting. If any

other predetermined criteria for voting is used, a weighted vote taking

process takes place which produces a weighted output. The general
case of 'vote taking produces'an output of the fonm |
UU= (w1 X Xp T Wy X Xg vounne WX xn)/n =
where:
U;:-ds the output.

th input.

X4..1s the i
wi .is the weighting factor for input i.
n is the number of. inputs.
Assuming that components have the same error,probabi1ity,'a
majority . vote (i.e. w1'- Wo .... = w, = 1) is the best to use.
The CP is the subsystem where the vote tak1ng is needed the
most. Tr1p1e Module Redundancy (TMR) (36) can be utilized unless
- more ne11ab111ty is desired in which case N Module Redundance‘(NMR)
(36) can-be used. Reference 36 contains the mathematical analysis
which provides-the probability of tai]une of a system in the general
NMR case. |

Assum1ng that the vote taker is a h1gh1y reliable device, a

" TMR operational subunit of the CP or any of its processors should be
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as shown jnJFjgune 5.1. Here Al, AZ,'A3lare‘different rep]iea pf the
sdne subunit and B1, B2, and B3 are different red]icd of the outbut.
of these subunits to be processed through the next stage of the
CP's unit. |

A mdre compjicated TMR subunit (which assumes that the vote
taker is making errors) should be as in Fidurels.za A NMR system ts
shown tn‘Figure\5.3. A NMR system .having N vote takers is shown in
Figure 5.4. |

A general redundant system with spare units has been described
in reference 36 with all the mathematical analysis. It is ca11ed'
a hybrid redundant system and is denoted by HMR(N,I) where:
HMR. stands for a Hybrid Module Redundancy

N - is the number of active modules

I,‘ is the total number of modu]es 1nc1ud1ng spare units.

An HMR (3 5) is shown in F1gure 5.5.

5.5 'Software'Redundanqy Methods
A technique which has been used with generaT purbosercomputers
and shows potent1a1s for be1ng used w1th the 3-D machine is the. Rol1-

back techn1que (11). The idea behind ro]]-back as it is intended to

be_app11ed to:the 3-D machine is toﬂpartition any progran into dffferent

parts. Each partition of tne program is terminated by saying a set-

of parameteks‘thnough an I/0 process to the.secondary storage system.
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Figure 5.2 TMR Subunit with TMR Vote Takers.
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Figure 5.3 NMR Subunit.
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Figure 5.4 An NMR Subunit with N Vote Takers.
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In case an error is encountered in the next.partition a roll-back
'process will take place. Rolling back requires the loading of the last
saved state of the system. ' o

The penalty paid in using a roll-back technique is manifested
in: 1) the‘extra storage required to save the state parameters of
the program, 2) the time spent in stprihg the state parameters after
the successful complietion of the partition represented by this state,
3) the time spént in bringing this information back to the 3-D machine
when an error fs encountered, and 4) time required to restore the
3-D machine environment. This includes such things as the time to
change cancellation numbers of the cells and to decode the control
word, etc. . |

Program Status Array of Words (PSAW) is a tool which proves to
be helpful in software debugging. For GP computers, two words are
sufficient to describe the status of the central processing unit-
(CPU) of most machines. The 3-D machine requires more than two words

as described in the-fo]]owing section.

5.5.1 Program Status Array of Words (PSAW) ‘ ]

It takes about two words to describe the status of the CPU of
a- GP computer, e.g. the Sigma 7 computer's program status double-
word (52) (PSDW). An array of words is required to describe the status

of the 3-D machine. Two words of the array describe the status of the
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supervisory machine and are called the Supervisor Program Statu§
Doub1erord (SPSD). Another three words describe the 3-D instruction
status and fné1ude a pointer to a block of 32 words. These 32 words
are copied from a collection of f1ip f1ops.ca11ed the condition codes
(CONC fs the abbreviation to bé distingquished from CC which is
reserved for the cancellation code).. There are 256 CONC's, one per
cell of the CP.. Each CONC is 4 bits long, allowing 16 different
states of. the contents of tHe CP cell to be.recogniied, Those currently
uged are posi%ive, negative, énd zero. Other conditions such as over-
flow and underflow can be inciqded as appropriaie. Figure 5.6 shows
the PSAW for the 3-D machine. A Tisting of the meaning of thé different
fields of the PSAW follows (The SPSD is taken from the Sigma 7 -
reference manua])'(56). |
CONC 45upérvi$or's condition code. This generalized 4 bit
code indicates the nature of the result of an instruc-
UtfonL In some Qperatiqns, only a portion of the con-
dition code is involved; thus, the term CONC1 refers to
the ffrst bit of the condition code, CONCZ refers to
the second bit, and so forth.
0': * Means unused qr-parify bit.
FS Z'.F}oatiné significance mode control.
Fz Eloatfng zero mode control.

FN Floating normalize mode control.
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Master/sTlave mode control. The supervisor is 1ﬁ

the master mode when this bit is 1; it is in the'éié&é
mode when this bit is 0. ‘
Supervisok's memory map contro1.  An optional memory map

is in effect when this bit is a 1.

‘Supervisor's decimal mask.

-Supervisor's arithmetic mask for fixed point arithmetic

overflow.

Supervisor's instruction address. This 17-bit field

_ conitains the virtual address of the next instruction

to be exeéuted.

'Superviéor's write key. This field designates the

‘protection class of the supervisor's memory.

Supervisor'slcounter interrupt group inhibit.
Supervisor's I/0 interrupt group inhibit.
Supervisor's external interrupt group inhibit.
Supervisor's register pointer which selects one of 32

possible blocks of general registers as the block current.

The index of the first row of the array in the 3-D-

" .machine -on which the'3-D'1hstruction is executed.

The index of the last row of the same array.

The index of the first column of the same array.

The index of the last co]umn of the same array.
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11 The index of the source plane in the 3-D machine:
JJ j The index,of:the destination plane ih the 3—b machfnes.
CC1 ance]]ation code for MR1 register set.
cC2 Cancellation code for MR2 register set.
CC3 Cancellation code for the CP;
3-D op code The operation code.for the 3-D macro instruction

to be executed. _ | :
ALoc'The-operation code for ganged,operation‘of the CP.
label- Is a binary representation (mapping) of the decimal Tabel
_appended to the 3-D instruction.
Address of CP's'CONCAarray Is the address of a 32 words block
B | ' which contains the CONC of the CP.

Thé PSAW is a useful tool to trace the source of error when a

job is aborted.

5;6 Software/Hardware (Hybrid) Fau1t-Tolerant Techniques Pertinent

to the 3-D Machine Organization

The teéhniques to be described are becu]iar to. the 3-D machine
.organizafioﬁ,"The first fechnique is a hybrid-b&isubplaﬁe redundancy
method whicﬁzié similar to hardware redundancy methods. It-assumé;
_-that each of the subplanes acts as a one-out-of-n similar hardware
‘prdcessoré. | |

The second technique to be considered is the hybrid-by-plane

<A
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:techn1que and is app11cab1e to prob]ems for wh1ch t1me of execution
can be tr1p1ed or mu1t1p11ed by n for n > 3 without great pena]ty
In th1s case severa1 so]ut1ons of the problem are obtained from
different p]anes of the MC. These p1anes should be 1nterwoven by
the program to produce intermediate and final results in the appropri-
ate Tocations to be companed; A majority votdng scheme is assumed.

A -description of bdth techniques follows.

5.6.1 Hybhid—by-Subp]ane Fault-Tolerant Computing

" The modu]drity of the 3-D machine architecture makes it possible
to.dup]icate a problem in the 3-D machine in the same plane if the
array s1ze of the prob]em is less than the size of’ the plane, e. g
for an n x n MP, and for an n/2 x n/2 size problem, up to 4 copies
of the .same prob]em can be handled s1mu1taneous]y us1ng a single
MP. It does not take extra time to execute a 3-D instruction on the
duplicates of the prob]em as long as all the duplicates are in the
same plane. This hybrid technique will require extra time for com- '
paring the duplicates of the problem whenever the program reaches a
- suitable state for eompar1son. Th1s extra ‘time is assumed to be
. negligible compared to the total time of execution which the prob]em
takes.- A néjdrity vote is used to decide 6n the right solution at.
the check noint in the program. This right so]utidn should be pro-

pagated to e]] duplicates, and.the program continues.
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5.6.2 Hybrid-by-Plane Fault-Tolerant Computing

A hybrid-by-subplane redundant system is characterized by "~
parallel execution of a parallel organized set of duplicate programs.
By the same token, a hybrid-by-plane redundant system is charac- R
terizgd by sericl execution of a parallel organized set of duplicate
programs.* This definition implies a warning against using this
hybrid-by-plane technique un]essiit is the only alternative td achieve
a fault-tolerant computing device.

For problems with large size arrays it becomes necessary to

~utilize more.than one plane to achieve the required redundancy. By

having data occupying more than one pliane, not more than one interplane
3-D operation can take place simu]taneousTy, which accounts for the

serial execution of the instruction in different planes. An example

of inferp]ane 3-D instructions which cannot be executed simultaneously '

is a set of TRAN instructions because of possible data path conflicts -

in the interplane transfer. This limitation does not apply to all
3-D 1nstruc£10ﬁs. A hybrid-by-plane redundant system, although
characterizéd,by execution of parallel organized programs, does some
paraliel execufion of the progrqms'whenever‘this parallel execution
does not creaté'any data path conf]icts,

E{g.‘more than one plane can be berforming a conductive trans-

* FEach program on é single plane.

1
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fer simultaneously. As an example of hybrid-by-plane redundant'

' .cpmputing,.assume that a problem can be confined to a single plane

and due to its'importance it has to be solved using an N-redundancy
scheme. This means Toading N planes with duplicates of the same

data. Assume that the problem can be solved in M steps, and Tet fj(i)'
h

shows a flow chart of the succession of steps which take place until

identify the jt step .of the solution on the ith plane. Figure 5.7

- the correct answer is obtained §ecorded in éJ] the N planes.

5.7 Fault Detection and Diagnostic Routines

5.7.1 Fault Detection

There are several levels of error detection according to the

“Tevel of_féu]tétolerant computing as explained before. Three of

these error levels are presented next. These are:
| 1.._Parity error detection.
2. Voté.disagreemenfrdetection..

3. 'Unsqpcessfu1 ro11-back.

5.7.1.1 "Parity Error Detection

Using the Hamming code described in Section 5.4.1 a single error
is detected‘ahd corrected by the parity checking -hardware. Multiple

_errors cah,be'signa11ed out to the supervisor machine. " Depending upon
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thé type of application. the supervisqr maqhine can either ignore the
signal or stop.the machine. The PSAW togethef'with'the parity checking

signal determfne the Tocation of the faulty word.

5.7.1.2 VQte Disagreement .Detection

“For. the 3-D machine subunits which have hardware redundancy ‘with

. vote takefs-ahd decision devices, a module which disagrees with the

majority vote i reported to the supervisor machine. The.super-

visor machine stores the location of that hodule in-a fault observance
table. Upoﬁ a second report of a fault in that module, the moduie is
isolated and a 3-D machine reconfiguration takes place if necessary.

3-D machine.regonfiguration~wi11 be considered in Section 5.8.

5.7.1.3 Unsuccessful Roll-back

WhenéVer'ro11-back is used, the.programmer should specify the .

number of retries. If the number of retries in a given program exceeds !

~the maximum alTowed by thé programmer, this situation is reported to

the supervisor machine (the reporting is affected by the system's
progran). "fhe supervisor machinevdecides'oh efther continuing With
ékecuting fhé;pfbgram; disregarding the fau)t or aborting,thé job.' Thé
PSAw{cbntains the Tocation of the offendiné instfﬁcfidn~&nd may Ee'able

to -Tocate any. fauﬂtyﬁmodule.whjchwmight be causing the error.
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5.7.2 Remarks on Diagnostic Routines

It is essential for the 6peration of the 3-D machine to run |
some diagnost{c routines. The complexity of a diagnostic program
is corre]afed to the seriousness of the situation. A foutine diag-
.nostjc progrqm-is usually much simpler than a program designed to find
a suspected ekroneQus ceil; -

A routine diagnostic progfam for the MC might consist of a
pattern of 0's.and 1's which upon 1nput"to the 3-D machine is non-
conductively transferred to all memory p1anes; A transfer to the
CP from each memory planes and a comparison of the contents of the CPA
and CPQ is affected. Assuming that the same pattern of 0's and 1's
was 6rig1na11y loaded in the MR1 and MR2 register sets. The condition
codes (CONC) of the CP should indicate equality. Scanning the PSAW
and recording the location of cells for which the equality condition
is not va]ia does include the routine diagnosis program for the MC.
Similar procedures can be used to construct routine diagnosis programs
to examihe'the IOP and the CR. For the CP diagnosis, the afore-
mentioned procedure is necessary but not suffjcient since thngP is
more than a'storagé unit. A program which executes a]] thé basic'
_ALO s on known operands with pre-calculated results and a compar1son
of the resuTts obta1ned from the CP with the pre-calcu]ated results

locates the ma]funct1on1ng subunits of the CP




162

5.8 3-D Machine Reconfiguration. .

Wheﬁéver the programmer asks for rows.IR to JR and co]Uhﬁgvl
IC to JC to:brocess'his prob]em,‘the X and Y decoders do a hemory'
mapping to provide the required rectangular array of cells which
does not have to be at the same phys{ca1 Tocation sought by the
programmer (memory'mapping). In the case of a faulty cell encountered
fnside the brob1em boundaries, the X and Y decoderé bypass the x and
Yy Joéation‘ofvthis.fauIty cell, this in essence isolates the row and
column in which the faulty cell exists. For a'problem_mapped to an
area with d féu]ty cell with an array.size less than the size of the _'
MP,.this isolation does not apply to the remaindér of the MP outside
the array boundaries of the problem.

.As an exﬁmp1e chsider a problem with IR =1, JR=4, IC =1,
Jc = 4. ,Assdme that the X and Y decoders find the first available
row to be row 4.and the first available column to:beLCOIumn 4; and
if cell (5;6)‘15 in error then the X'aﬁd.Y decodefs hgve to ignore

row 5 and column 6. The fo]ldwing correspondence holds:

Row:A']49.4 ' Cotumn: 1 >4
2+6 255
37 : 357

::4&8 | 4 + 8

The'érray as described by the progrémmer and.1t$ mapping in

the 3-D machine are shown in Figure 5.8.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
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6.1 Cbnc]yéions

6.i.1 Summary

IA register transfer Tevel des%én of the 3-D machine has been
. présented in_fhis thesis. An interpreter-simu]ator (SIM3D) has been
written and tried successfully on several mgtrix-type standard opera-
tions. Fault-tolerant design and éomputing usiﬁg'the 3-D machine has
been.discussed fn genera1‘terms which establish the groundwofk
necessary for subsequent fault-tolerant design and coﬁputing fo suit

the architecture of the 3-D machine.

6.1.2 System Hardware Design

The MC design has been thoroughly investigated. Intraplane
transfer has been well established. Interplane transfer has been
proposed to be either conductive or non-conducfiVe.- Conductive trans-
fer can be handled wfth the same conVenfiona] bussing techniques used
for intraplane transfer,,however, adds to the pin 1imitati6n prob1em
and may make plane repiacemeht a hard task. Non-conductiVe transfef
aITeviates.thé p1n Timitation problem, but also it presents the :
designer Wifh.some new problems. The plane alignment problem is severe
~in that a few:mickons‘of laser beam\misaTignment'wou1d cause information
transfer to the wkqng place or even no transfer at all. A]so} most

of ﬁhe state-of-the-art work in the area of non-conductive data
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transfer is concerned with mass storage and transfer rafher tﬁan
individual wdrd storage and transfer, which are the ultimate conéérn
of this thesis. These add to the difficulties faced with the non-
conductive transfer in the 3-D machine. | |

The CR design is very simi1ar to that of. the MC if recon-
figuration of coﬁtro] words is to be included; otherwise the CR planes .
will be much simpler than the.MP's. A standard CR set of p1anés to -
be provided are those which can handle the algorithms described in
Chapter 4..r0ther,CR.p1anes can be added as needed to handle non-
standard a]éofifhms. |

The IOP design or set of designs to be implemented will depehd
on the needs presented by the particular type of prdb]ems to be
handled by the 3-D machine. The éame is true of the CP.

LSI-is.the only way to build a.cost-effeptive machine jf the -
initial 1nvéstmént in the different LSI éhibs can be alleviated by

modu]arity_oflchip design.

- 6.1.3 Softwaré Considerationé
| SIM3D When applied to matrix-oriented prdb]ems provided the
following execution rates for nxn matrixes:

1. 'A:matrix transpose.required[ﬁ:i}execution cycies as
o 3

2

-compared to n“-n execution cycles for an equivalent

" ‘serial machine.
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.W.‘z, A matr1x mu1t1p11cat1on requ1red 3n cyc1es as compared to
. (2n 1). execut1on cycles on an equ1va1ent serial mach1ne
3. Afmatr1x inversion required 3n cycles as compared to '
n?(Zﬁ-1) execution cyc]eslfor:an equivalent seria1 machine.
4. A seereh for'a'maximym or a minimum is independent of the
‘ﬁumber of eiements of the array as compared to n2 execdtion
cyc1es for a 11near search in equivalent serial machine.
The actua] saving in execution time is greater than the theo-
retical limits ment1oned above if we cons1der the number of cycles it
takes for bookkeep1ng 1n the serial machine as compared to the 3-D
mech1ne. .The bookkeeping includes index calculation and memory accessing
for the element whose index is being ca]ct]ated,' Te achieve the kind
.of throughput which matches the execution rate mentioned above, the
/0 design and supporting I/0 software should be chosen such that the

overall 3-D machine throughput is not I/0 bound.

6.1. 4 Fault to]erant Computing and Design

Fault- tolerant des1gn for the convent1ona1 parts of the mach1ne
is ach1eved through TMR for ‘the most part NMR or HMR 1s recommended
for contro] parts of cruc1a1 1mportance, (e g. the CP contro])

" The 3- D mach1ne has tremendous capab111t1es for fault- to]erant ‘
- comput1ng due to its structure Rep]1catjon-of data within planes and -

or multiple planes presents the two extremes of inherited fault-
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to]erant computing In the first case, no t1me pena]ty is pa1d

'for executing severa] replicas of the same problem except for the

time spent in comparing cell contents at certain bench marks. In

the second case the penalty in execution time is correlated to the

percentage of non-conductive transfers included in the instruction

stream.

- 6.2 Recommendations for Future Research

Recommendations are as follows:

1.

Complete the unfinished work on register-transfer design,

especially in the IOP, after collecting enough information -

-about the types of real-time app]icatiohs to be handled,
:the methods of gathering data for these applications,

~and the secondary storage faci]ities to be interfaced to

the 3~D machine. Also, the CP design will need to be
completed by deciding on the number and type of micro-

programmed arithmetic/logic processors to be'used to contro]

. the CP register.

. A gate—leveT design should be considered if the standard

régjster transfer modules available from édmputer manu-

'”facturers cannot be used to bu11d a prototype of the
" 3-D mach1ne or if the cost of remode11ng the a]ready

'ava11ap1e modules increases the cost of building the machine
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excessively.

.. Additional programming using SIM3D should be done toward
the goal of thoroughly inve;tigating the advantages and
‘liabiTities of its structure relative to the 3-D machine
hardware capabilities.

Reorgdnization of the SIM3b language syntax into field free
or order independent field form could possibly simp]ify
‘and make more transparent the writing of 3-D programs.

This would have to be balanced against any additional hard-
ware or software inefficiencies created..

An investigation of the need for a high-level paré]]eT
processing Tanguage and consequently a parallel procéssing

compiler should be made.

. "Much more extensive investigations of fault-tolerant com-

" puting and désign as applied to the 3-D machine is desirable.

Investigation of the nature of the procedure which should be
used to write an operafing system for the 3-D machine
'éomp1ex is neceésary. This investigation should take into
‘consideration the fact that mu]tibrogramming ahd.fau1t _
tolefant.computing are to bé included in tﬁe operating
system to make the machine worthwhile. This investiga;ion

"~ is -highly corréTated to the‘hardware capa5i1ities of the

supervisory machine.
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VALID CONNECTION CODES OF MEMORY CUBE INTRA-
PLANE TRANSFER AND THEIR CORRESPONDING GATE

SETTINGS.
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APPENDIX B

A QUINE-MCKLUSKY MINIMIZATION ALGORITHM APPLIED
TO THE GATE SETTING ‘AS" OUTPUT AND CONNECTION
CODES" AS INPUT TO A CONNECTION CODE COMBINATION
LOGIC DECODER :
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APPENDIX C
LISTING OF THE 3-D MACHINE'S SIMULATOR
- (SIM3DMIX)




Lyl

219

A Tisting of the simulator program (SIM3DMIX) follows. XDS
Extended FORTRAN IV (52) is used. Al1 statements with 'S’ in'co1umn
1 are XDS Sigma 7 assembly language (SYMBOL/METASYMBOL)'statements.

A11 cards with '!" in column 1 are monitor command (57) cards. The

card reader is device 105 and the Tine printer is device 108. Devices

109, 110, and 115 are disk files.

This program‘can be executed-on any GP éomputer if appropriate

changes are hade to:

1. address the appropriate devices, ‘

2. vreplace every Extended FORTRAN IV statement by its
corresbonding get of standard FORTRAN IV statements.

3. replace the inline assembly Tanguage statements by either
the inline assembly language statements of the computer |
utilized or an equivalent FORTRAN callable assembly
language subroutine. | |

A minimum memory requirement of 22 K words of core memory

" (this does not include the core required by the operating system of

the computer), makes it possible to simulate an 8.x 8 x 8 MC. The
listed program which simulates an 16 x 16 x 16 MC requires 40 K words
of core. One assumes that the GP .computer utilized has a FORTRAN -IV

compiler.
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APPENDIX D

A PARALLEL MATRIX TRANSPOSE ALGORITHM
(MAT) AS IMPLEMENTED. ON SIM3DMIX
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APPENDIX F

A PARALLEL MATRIX INVERSION ALGORITHM
ACCORDING TO THE GAUSS~GORDAN ELIMINATION
PRINCIPLE AS IMPLEMENTED ON SIM3DMIX
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ESTIMATES
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This appendix 1is iinuded to give a preliminary idea of
the cost involved in building a prototype of the 3-D machine.
The criterion of cost estimation used herein is undoubtedly a
simplistic one but it has been used by hardware desfgners for a
Tong time. The ultimate hardware realization technique used might
require a cost estimate revision. The cost estimation here is
based on- the number of gates needed in a certain subunit. Even if
~gates aré not used as 'such, an equivalent to the flip-flop which
is assumed (e.g. a gate count equivalent to the flip-flop whi;h
makes a single bit 6f'memory is used -to estimate the cost of the
memory). In the analysis a cost estimate of 1¢/gate is assumed,.
which is more conservative than most estimates used in up-to-
date publications. In addition it has been assumed by intuition that
the hardware cost comprises only 10% of the total cost of an operative

computer System.

Gate count per cell of the MC

AND gates 1504
S-R Flip-flops 160
NOT gates 160
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Gate count of a MC of N; x Nj x N cells

Assume that an S-R glip-flop is equivalent to 4 NAND gates.

il

' Gates equivalent to the MC Nixijka(1504+4x160+160) -

= (NjxN;xN )x2304

Gate count of a CP of Nj x Ny cells

Assume that each cell of the CP has 11 registérs of 32 bits
each. ‘Each register's bit is an'S-valip-flop with four extra
gates/bit to control thé'register, i.e. each bit of the regiéter
is equivalent to 8 gates. Also assume‘512 words of reéd only
memory for each hicroprogrémmed Arfthmetic/]ogiclunit (ALU). Each

word has 32 bits, with 6 gates/bit.

Gates equiva]ént to the registers = (N{xNj)fx_11 x 32 x8

(NixNj) x 2816
Gates equivalent to the reao only memories = nx512x32x6

= nx98304

n varies from 1 to (kaNj) depending on the number of ALU's.

Gates equivalent to the CP = (N;N;)x2816+x98304

Gate count of an I0P of Ni X Nj cells

Assume 2 registers-per cell, with 32 bits each. I0P.registers

are of the same type of registers used in the CP. Gate equivalent
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to the registers = N;xN;x2x32x8

N;xN;x512

Gates equivalent to the control registers = mx(N;j+N)x10

| Tomx (N;+N5)

Assuming that there are m IOP processors: m varies between
1 and (NiXNj)- Alsd,'éssume for éach processor a HCSR and aIVCSR;
these regigters have N;i bits for the VCSR and N; bits for the HCSR
with 10 gates/bit for the registers. . '
Gates equivalent to_the.IOP~4'(NixNj)x512+1Omx(Ni+Nj)

Gate count of a CR'of Ni x Nj x Ny cells

There are 3 régiéters/ce]l of CR, each register has 32 bits.
Assume 5 gates/bit. of the register.
Gates equivalent to the CR = N1xijN1x3x32x5
= (NiXNjXN1)X4§O

Gate -count of the 3-D machine

[}

Gates equivalent to the 3-D machine (Nixijka2304) +

Gate count of the 3-D Machine

Gates equivalent to the 3-D machine = (Nixijka2304) +
(N;XN;x2816 + nx98304) + (N;N;X512 + mxTOx(Ny+Nj) +
(NiXNjXN1X480)

Assume: Ni=N, and Ny=N, /2
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Gates equivalent to the 3-D machine = N, xka2304 + N§x2816 +
2 .
2x512 + 20mxi; + NoxN, X240

= N xka2544 + N1x3328 + N xmx20 + nx98304

nx98304 + N

N

. = : = 2
~Assume: Nk “N;» m=gN , n YNi

Gates equivelant to the 3-D machine = me?x2544 + N§x3328 +
N7xEx20 +3N?xYx98304 |
x(3328 +‘yx98304)

1, (8=1vy=1/64)

. 3
Gates equivalent to the 3-D machine = N;x(2544 + 20/64) +

'N3x(mx2544 + Bx20) + N
For Ni = 16, «

H =t N

.N x(3328 + 98304/64)
4096x (2544 + 20/64) + 256x(3328 + 1536)

256x(40,704 + 5) + 256x(4864)
10,421,504 + 1,245,184

11,666,688 gates

In this gate count, the N? term is dominated by the stofage
requirements of the MC and the CR while the N2 term is dominated by
“the process1ng requ1rements in the CP and the IOP. It is to be not1ced
that the storage requ1rement is around 10 t1mes the processing

control requirement. This is for the case of a 3-D machine having 4

ALU's and 4 IOP processors.

For: N, =16, («x =1, 8 = y = 1/256)
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Gates equivalent to the 3-D maqhiné =
n3x (2544 + 20/256) + N12X(3328 _ 98304/256)
N;x(651,264+20). + (851,968 + 98,304)

16x651,284.+ 950,272

10,420,544 + 950,272

11,370,816 gates
' The above calculation is for the case of a 3-D machine having

single ALU and a single IOP processor.

For: N; =16 , (== g= 1)

Gates count equivalent to the 3-D machine =

N?x(2544 +20) + N§X(3328 + 98304)

(4,096x2,564) + (256x101,632)
10,502,144 + 26,017,792

'36,519,836 .gates
This is the case of a full parallel machine with 256 .ALU's

and 256 IOP processors.

Dollars Estimate

- For: N, = 16, (a=1 , 8=vy=1/64) , 1 ¢/gate -

Gates cost = 11,666,688x(1/100) = $116,666.88

Machine cost = 116,666.88 x 10 = $1,166,688.88
The last figure is a cost estimate of an operative 3-D

computer with 4 ALU's and 4 IOP processors.
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There are many potentially ﬁsefu] technﬁques‘for non-conductive
trénsfer;.however, all familiar sqhemes‘suffef from one or more
serious shorfcomings. The most common of these are: (1) The reqﬁife-
ment that an energy source bevpreéent_at any cé]] to be read, which
not only-makes the machine expensive to build and maintéin but also
creates a tremendous heat dissipation proB]em. (2) A potential
conf]ict'between intraplane (coﬁddctive) transfer and interplane (non;
condﬁctive) transfer. '

Figure H.1 is a schematic of the Taser non-conductive data trans-
fer mechanism.” It is non-idéa] in that edge connections are necessary.

| : A 1iquid crystal can change ffom a fransparent object to a:]ight

reflector (blocking the laser beam for writing into the cell) through
changing the bias voltage. A photo detector feeds back the information
concerning the contents of the sourée cell being'read to contro]lthe |
transmission of inhibition of the write signal to the destjnation cell.
To achieve non-destructive reading capability, a specific wave length
is uséd for readihg while a different wave 1en§th is used for writing
(8) e.g. for NaF crystals the write wave length is 505 nm,.while the
read wave length is 203 nm)..

Heterojunction lasers (34) are very promising as d non-conductive
means of data transfer excebt,that-they are still experimental devices

and have never béen mass produced. One of the most attractive features




ek, L IO - Ll [

336

of heterojunction lasers is ‘the fact that they_can operate at room
temperature.. They have their own shortcomings such as the relatively
po]ychromatfc nature of their emission compared to semiconductor lasers,
and the Tow effiéiency of emission compared to semiconductors. These ‘
shortcomﬁﬁgs can be very well tolerated without degrading the perfor-
mance ofhthe 3-D machine since 1ight‘transmissioh in tHe 3-D machine
is Timited to a éhort distance (no more than 5 feet).

LED - fiber optic technology has reached a highly developed
(15) stagé in which bundles of fibers can-be manufactured and stacked
together to be- connected between a source and a degtiﬁation which might
require bending the Bund]e without much.1oss of the Tight transmitted

and with a very minimal amount of cross-talk.
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