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Abstract:
This thesis describes a parallel processor whose principal features are a set of primary memory,
arithmetic, and I/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. 



W il l i am A z iz Hanna T974 ■ 

A l l  R igh ts  Reserved



REGISTER-TRANSFER-LEVEL DESIGN AND SOFTWARE 
SIMULATION OF A PARALLEL PROCESSOR

(THE THREE-DIMENSIONAL COMPUTER)

by

WILLIAM AZIZ HANNA

A th e s is  subm itted  to  the  Graduate F a c u lty  in  p a r t ia l  f u l f i l l ­
ment -of the  requ irem en t f o r  th e  degree

o f

DOCTOR OF PHILOSOPHY 

in

E le c t r ic a l E ngineering

Approved:

Head, M ajor Department

Chairman, Examining Committee 

Graduate Dean

MONTANA STATE UNIVERSITY 
Bozeman, Montana

March, 1974



111

ACKNOWLEDGEMENT

The A u tho r w ishes to  extend h is  g ra t itu d e  fo r  the  guidance, 

h e lp , and encouragement rendered to  him by Dr. Roy M. Johnson du rin g  

the  course o f  h is  graduate work. S pecia l thanks and deep g ra t itu d e  

is  g iven to  Dr. Donald.A . Rudberg fo r  needed guidance and s ince re  

h e lp ; a ls o ,  D r. Rudberg deserves c r e d i t  f o r  w r i t in g  p a r t  o f  the 

s im u la to r  program in c lu d e d  as Appendix C. The o th e r members o f  the 

com m ittee, Dr. Norman A. Shyne, Dr. Donald A. P ie rre  and P ro fessor 

Robert Lo rd , deserve thanks fo r  t h e i r  va lu a b le  guidance. Specia l 

thanks go to  Dr. Robert C. M inn ick  o f  R ice U n iv e rs ity  f o r  va luab le  

suggestions . The A u tho r a p p re c ia te s  th e  s in ce re  support extended 

by Dr. Paul E. U h lr ic h ,  the  Head o f  the  E le c t r ic a l Engineering 

Department. Thanks to  Mr. Douglas James fo r  w r it in g  th e  Quine- 

McClusky program. Thanks a lso  goes to  Mrs. Marjean Smith fo r  ty p in g  

the  m anuscrip t and to  Mr. Chad Groth f o r  the  d ra f t in g  work. The 

f in a n c ia l support p rov ided  by the  E le c t r ic a l E ng ineering  Department 

o f  Montana S ta te  U n iv e rs ity  and the  O ff ic e  o f  Naval Research under 

c o n tra c t Number NOOOl4-67-C-0477 is  g r a te fu l ly  acknowledged.

The Au thor c o n t in u a l ly  thanks, the  Lord Jesus C h r is t  fo r  

m eeting a l l  h is  needs.

To a fd m ily  whose continuous encouragement in  tim es o f  un­

c e r ta in ty  gave hope, the au tho r ded ica tes  th is  th e s is .



TABLE OF CONTENTS

Page

VITA........... ...............................................................................................................  I i

ACKNOWLEDGEMENTS....................................................     i i i

TABLE OF CONTENTS.........................................       iv

LIST OF TABLES............................................. .......................................................  ix

LIST OF FIGURES...............................................................     x

TABLE OF ABBREVIATIONS AND NOTATIONS...................................................... x i i i

ABSTRACT................................................................................................................... x v i i

Chapter I : INTRODUCTION...................................     I

1.1 On the  E vo lu tio n  o f  D ig i ta l  Computers..................  2

1.2 A survey o f  P a ra lle l P rocessors..............................   6

1 .2 .1  The Unger Computer..........................  6

1 .2 .2  The Hol I and Computer...................    8

1 .2 .3  The Comfort Computer.....................     9

1 .2 .4  The SOLOMON Computer..............................   14

1 .2 .5  The Gonzalez Computer (A M u lt i la y e r
I te r a t iv e  C i r c u i t  Computer)......... .................  16

1 .2 .6  The ILLIAC IV C o m p u te r....................    18

1 .2 .7  Canon's C e llu la r  Computer.................   21

1 .2 .8  M u ld e r's  Computer.....................    24

1 .2 .9  The PEPE Computer..............................................  27

1.3  Why a 3-D Computer?......... .........................   31

iv



V

1 .4 , .  An O u t! ine  o f  Remaining C hapters------ . . . . . i . . i . 35

Chapter .2: HARDWARE ORGANIZATION OF THE.3-D COMPUTER........... .. . 38

2.1 General O r g a n iz a t i o n . . . . . . . . . . . . . : . ...........  39

2 .2  T echno log ica l A ssum ptions,--------- . . . . . . . . . . . . . .  43

2 .2 .1  In te g ra te d  C ir c u its  A ssum ptions..............  43

2 .2 .2  N on-conductive In te rp Ia n e  T r a n s fe r . . . . .  44

2 .3  . Subsystem D e s c r ip t io n . ................................................ .. 44

.. . 2 .3 .1  The Memory Cube (MC).......................................  44

2 .3 .2  The Computation Plane (CP).....................   50

2 .3 .3  In p u t-O u tp u t-P la n e  (IO P ).................   56 .

2 .3 .4  C on tro l U n it  and S uperv iso ry  M ach ine .. .  61

2 .3 .4 .1 Memory -  C e ll -  C o n t r o l . . . . . . .  64

2 .3 .4 .2  The X9 Y9 and Z Decoders and
t h e i r  c o n t r o l l in g  a c t i o n . . . . . .  70 .

2 .3 .4 .3  M isce llaneous Counters and
R e g is te rs . ...................... ............. 72,

2 .3 .4 .4  IOP C o n tro l........... .......... . . . . . . . .  73

Chapter 3: MACHINE LANGUAGE FOR THE 3-D COMPUTER..--------. . . .  86

3.1 Assembly Language S t r u c t u r e . . . ; . . . ; ............... 87

. 3 .2  Memory Cube C o n fig u ra tio n  and I n s t r u c t io n . . . . .  89

3 .2 .1  Bussing and T ra n s fe r C o n n e c t io n s . . . . . . ;  .91

3 .2 .2  In s tru c t io n  I n h ib i t io n ,  C a n c e lla tio n
Numbers and C a n c e lla tio n  C o d e s ... . . . . . .  99

3 .2 .3  O pera tiona l I n s t r u c t io n s . . . . . . . . . . . . -----  103



v i

Page

3 .2 .3 .1 In s tru c t io n  F o rm a t.................... . . 1 0 3

3 .2 .3 .2  F ie ld  D e s c r ip t io n . . . . . . . .  i . . . .  ,304

3 .2 .4  3-D In s tru c t io n  S e t.........................................  T08

3 .2 .4 .1 In p u t/O u tp u t ( I/O )
In s t r u c t io n s . ........... ............   108

3 .2 .4 .2  T ra n s fe r I n s t r u c t io n s . . . . . . . . .  109

3 .2 .4 .3  Branching In s t r u c t io n s . .............  112

3 .3 , The S im u la to r (SIM3DMIX).......... .......... .. T l3

3 .4  Program O rga n iza tion  and System C o ns ide ra tions  115

3.5:, Use o f  the  S im u la to r . . . .............. ......................................117

3 .6  T yp ica l Program Arrangem ents. . . . . . . i . . . . . . . . . .  119

Chapter 4 : APPLICATION OF THE 3-D MACHINE TO MATRIX
.. , ORIENTED PROBLEMS......... ...............................................   122

4.1 Problem d e f in i t io n .........................................    123

4 .2  A M a tr ix  Transpose A lg o r ith m  (M T A )..-------   123

4 .2 .1  The A l g o r i t h m . . . . . . . . . . . . . ..................   124

4 .2 .2  Exam ple........ ................................................. ..

.4 .3 A M a tr ix  M u lt ip l ic a t io n  A lg o rith m  (MMA). . . . . . . .  125

4 .3 .1  The A lg o r i t h m . . . . , ....... ....................... .. 13T, ,

4 .4 .  A M a tr ix  In ve rs io n  A lg o r ith m  ( M I A ) . . . . . . ------- 134.

• 4 .4 .1  The A lg o r ith m ,. . . . .  . . ; . 1 3 4  \

4 .5  Search f o r  a Maximum o r a Minimum Elem ent,
o f  an A rra y , A lg o r ith m .. . . . . . . . . . . . . . ----------- 136:

4 .5 .1  The A l g o r i t h m . . . . . . . . . . . . . . . . ; . . . . . . . . .  137



Chapter

v i i

FAULT-TOLERANT DESIGN AND OPERATION OF THE 
■: 3-D COMPUTER................................... ..................... :

5.1 . In t r o d u c t io n ....................................................................
. • ■ ■ ■ ' . .  ■■ ■ , ■ ■

5.2 The N ecess ity  o f  Redundancy..................... ..

5 .3  E v o lu tio n  o f  F a u lt-T o le ra n t T e c h n iq u e s . . . .

5 .4  Hardware Redundancy Methods.............

5 .4 .1  P a r ity  Checking and In fo rm a tio n  
C o d in g . . . . ......... ..

. 5 .4 .2  Vote Takers and D ecis ion  D e v ic e s . . . . .

5 .5  Software Redundancy Methods ............ ..

5 .5 .1  Program S ta tus  A rray  o f  Words (PSAW).

5.6 S o ftw a re /Hardware  (H yb rid ) F a u lt-T o le ra n t 
Technique P e rt in e n t to  the  3-D Machine 
O rg a n iz a t io n . . ...........................................................

,5 .6 .1  H ybrid  by Subplarie F a u lt-T o le ra n t 
Computing......................................... ..........

5..6 i2 H ybrid  by Plane F a u lt-T o le ra n t . 
C om puting............................

5 .7  F a u lt D e tec tio n  and D ia g n o s tic  R o u t in e s . . . . .

5 .7 .1  F a u lt D etect i  on . . . .  v . ;  I . . . . . . . . . . . . ' . .

5 .7 .1 .1  P a r it y  E rro r  D e te c t io n . . . . . .

5 .7 ;1 .2. Vote Disagreement D e te c tio n .

5 .7 . I . 3 Unsuccessful R o llin g  B a ck ....

5 .7 .2  D iagnostic . R o u tin e s .. . . i . . . . . . . . . . .  i . .

5 .8 . 3-D Machine R e c o n f ig u ra t io n .. . #*'#*# *,!##. #*-**

.1 3 9  

. 140 

•  140 

. 141 

. 142

Page

. 142 

, 144 

,  145 . 

. 151

. . . 1 5 5

. . .  1 5 6 , 

. . .  157

. . . .  158
- .

• • •■• 158

........ 1 5 . 8

. . .  160 

.... 160 

.... 161 '

. * . . 1 6 2



Chapter 6 : CONCLUSIONS AND RECOMMENDATIONS............ ........ . . . . . .  164

6.1 C o nc lu s ions ........... ........................................ .........................  165

6 .1 .1  Summary........................  . . . 1 6 5

6 .1 .2  System Hardware D e s ig n .............. .............. . . . .  165

6 .1 .3  Software C o n s id e ra tio n s . ................................. . 166

6 .1 .4  F a u lt-T o le ra n t Computing and D esign___ .". 167

6 .2  Recommendations fo r  Future  R e s e a rc h . . . . . .................168

Appendix A: . LEGAL CONNECTION CODES OF MEMORY CUBE 
INTRAPLANE. TRANSFER AND THEIR
CORRESPONDING GATE S E T T IN G S ................ ...................   T70

Appendix B: A QUINE-McCLUSKY MINIMIZATION ALGORITHM
- . APPLIED TO THE GATE SETTING AS OUTPUT

AND CONNECTION CODES AS INPUT TO A 
CONNECTION CODE COMBINATION LOGIC 
DECODER...................................... ..................... .. 17 9

Appendix C: A LISTING OF THE 3-D MACHINE SIMULATION
(SIM3DMIX)....... ...................       218

Appendix D: A PARALLEL MATRIX TRANSPOSE ALGORITHM
AS IMPLEMENTED ON SIMSSMIX........................... .................  273

Appendix E: A PARALLEL MATRIX MULTIPLICATION ALGORITHM .
AS IMPLEMENTED ON SIM3DMIX.................................... .. 279

Appendix F : A PARALLEL MATRIX INVERSION ALGORITHM
ACCORDING TO THE GAUSS-GORDAN ELIMINATION 
PRINCIPLE AS IMPLEMENTED ON SIM3DMIX............ .. 301

Appendix G: 3-D MACHINE'S COST ESTIMATES.. . . . . . . . . . . . . . . .  328

Appendix H: NON-CONDUCTIVE DATA TRANSFER TECHNOLOGIES.. . . . . . .  334

B ib l io g ra p h y   ......... ............................................. . . . . . . . . . i . . . . . . . . . . 3 4 0



' ix

: - LIST OF TABLES

: •
Table -V Page

2.1 A r ith m e tic  Log ic O peration Codes........... ....................................  51

3.1 C a n c e lla tio n  Codes................................. ...........................................1 0 2

3.2 Execution V ia Card In p u t ............................... ....................... . . . . . 1 2 0

3.3 Execution V ia T e rm in a l.........................................................  121

5.1 Number o f  C o rre c tin g  B its  Required f o r  D if fe re n t
Values o f  Word S iz e ........... ................................................................ 143



LIST OF FIGURES

F igu re  Page

1.1 The Unger. S p a tia l ly -O r ie n te d  Computer........................................ 7

1.2  A Module o f  th e  H o lland Machine.........................................   10

1.3  Modules Used in  the  Execution o f  an In s t r u c t io n .................. 11

1.4  The General O rg a n iza tio n  o f  the  Comfort Computer................ 13

1.5 The Basic O rg a n iza tio n  o f  the  SOLOMON Computer....................  15

1 .6  The General O rga n iza tion  o f  the  4-Quadrant ILLIAC
IV Cbmputer..................................................  20

1.7  General O rga n iza tion  o f  the  KF Machine.......................................  22

1.8  General O rga n iza tion  o f  M u ld e r's  Computers............ .................  25

1 .9  General O rga n iza tion  o f  the PEPE Computer.............................   30

2.1 P hys ica l R e la tio n s  o f  M ajor 3-D Machine Subsystem............... 42

2 .2  In tfa p la n e  T ra n s fe r P o s s ib i l i t ie s  f o r  MRl and MR2.............  48

2 .3  A 2x2 Memory P lane ........................................................     49

2 .4  A r ith m e tic  U n it o f  One Zone/C ell o f  CP........... ..........................  54

2 .5  In p u t/O u tp u t P rocesso r..........................    58

2 .6  VCSR Clock Sequence S igna ls  f o r  1 , 2 ,  4 , 8 and 16
Col Linin' I/O  O p e ra tion ......... ............        59

2 .7  C on tro l and Data Flow Diagram o f  the  3-D Machine................ 62

2 .8  C on tro l and S upe rv iso ry  S t r u c tu re . ........... .....................................   65

2 .9  The H o r iz o n ta l, V e r t ic a l ,  M inor-D iagona l and
In te r - C e l l  Connections o f  MRl............................    67

2.10 Bus to  Bus C onnections................................    69

)

:

^ '

. N



F igure  : - . . Page

2 .11 . C a n c e lla t io n  L o g ic ........... ......................................................... . . .  71

2.12 Sequence o f  MCSR S ig n a ls ...................    74

2.13 Sequence o f  HCSR S igna l's , Showing Column IC o n ly
having a Value o f  I ...................................................    76

2.14 Schematic Diagram o f  a T yp ica l VCSR o r HCSR
C onnection ........................................................................   77

2.15 A ty p ic a l Log ic Diagram fo r  VCSR o r HCSR...........................  79

2.16 The Log ic Diagram fo r  the  C on tro l S igna ls  o f  IOP............ . 80

2.17 A T ransdu ce r/C e ll IOP....................................     81

2.18 An.’ n Times F as te r IOP than shown in  F igure 2 .7 ...............   82

2.19 T im e -M u ltip le xe d  IOP O rg a n iz a tio n ....................................      84

2.20 . Schematic Diagram o f  a Zones IOP........................ — .............. 85

3.1 A 2x2 Memory P lane ........... .................................................................  89

3 .2         90

3 .3  R e g is te r Connection Codes.............................................................  92

3 .4  A -4x4 M a tr ix  Transpose P a tte rn ........................................ .. 98

3.5a O pera tiona l In s tru c t io n  Form at......................... ................... . . .1 0 3

3.5b A T yp ica l O pera tiona l I n s t r u c t io n . . . . .......... ............. .. 103

4.1 F ir's .t Sitep o f  M a tr ix  Transpose Data F low............................   126
■ ■ i \ ■ . . 1 . 1 •

4 .2  Second Step o f  M a tr ix  Transpose Data F l o w . . . . . . ...............127

4 .3  T h ird  Step o f  M a tr ix  Transpose Data F lo w .. i . . . . . . . . . . .  128

4 .4  Fourth  Step o f  M a tr ix  Transpose Data F lo w . . . ......... .... 129

4 .5  -F-i-ftb-S tep o f  M a tr ix  Transpose Data F lo w .. . . . . . . . . . . . .  130

x i



X U

F igure  Page

4 .6  Step 3 o f  MMA............. .....................  132

4 .7  Step. 4 o f  MMA........................... ............ ................................................133

5.1 TMR S u b u n it............................................................................................. 146

5 .2  TMR S ubun it w ith  TMR Vote T ake rs ............................................... 147

5 .3  NMR S u b u n it............. ...........................    148

5 .4  An NMR S ubun it w ith  N Vote T ake rs ............................................... 149

'5 .5  An- HMR (3 , 5) S u b u n it............................................................ .......... 150

5 .6  PSAW Form at..................................................     153

5.7 Flow C hart o f  a H yb rid -b y -p la n e  F a u lt-T o le ra n t
Computi ng. System...................... .......................................................... 159 .

5 .8  F a u lt-T o le ra n t A c tiv e  Subplane o f  the  3-D m achine............163

H .la  N on-conductive T ra n s fe r System S t r u c t u r e . . . . . .............. . . .3 3 7

H .lb  Laser W r it in g  Scheme............. ............................................... .............337

H .lc  Laser Reading Scheme............. ............................................................338



TABLE OF ABBREVIATIONS AND. NOTATIONS

N o ta tio n  Meaning Page f i r s t
encountered

ALO A r ith m e t ic  lo g ic  o p e ra t io n ....................................  88

ALOC A r ith m e tic  lo g ic  o p e ra tio n  code.........................  47

BRNF . Branch on a f lo a t in g  p o in t  va lu e ,
(b ranch ing  is  accom plished i f  each
elem ent is  le s s  o r  equal to  th a t  v a lu e . . . ; .  113

BRNU Branch u n c o n d it io n a l ly . ..........................................  112

BRNZ Branch on z e ro , (b ranch ing  is  accom­
p lis h e d  i f  each elem ent is  equal to  
z e ro ) .................................................................................  112

CC C a n c e lla t io n  c o d e ................... .......... ........................ 47

CN . C a n c e lla t io n  number................................................... 41

CONC . C o nd ition  code o f  a com putation
p lane  c e l l .................................................... .......... . 152

CR Computation p la n e ............ ............................................ 40

CPA Computation p la n e 's  A r e g is t e r ...... ....................  53

CPB Computation plane memory b u f fe r
r e g is t e r . .................    53

CPQ Computation p la n e 's  Q r e g i s t e r . . . . ................... 53

CPU C en tra l p rocess ing  u n i t ...........................................  151

CR. Connection r e g is te r  read m ostly  s t o r e . . . . . .  40

CTRN Conductive in tra p la n e  t r a n s f e r . . . . ...................  109

D Diagonal in tra p la r ie  t r a n s f e r . ......... ...................  124

x i i i



N o ta tio n  Meaning Page f i r s t
,encountered

DTRN Conductive in te r c e l l  t r a n s fe r ..................... ........  109

FFT Fast F o u rie r  tra n s fo rm ..............................................  3

G1- Gate i  f o r  b id ir e c t io n a l bussing c o n t r o l-------  66

G1-J Gate i  f o r  data bussing c o n tro l in to
the c e l l ........................ ...................................................  66

G1-s Gate i  f o r  data bussing from  the c e l l
c o n t r o l ............................................................................... 66

GP General purpose com puter..........................................  114

HCSR H o riz o n ta l c o n tro l s h i f t  r e g i s t e r . - ................. 57

HCSR(I) Gate I  d r iv e n  by the  h o r iz o n ta l
c o n tro l s h i f t  r e g is t e r ..................................    73

IBS In p u t b u f fe r  s ta c k .......................................................  57

IC Index o f  the  f i r s t  column o f  an
a r ra y ............................................................................   70

ICC In te rc o n n e c tio n  code..........................................   47

I I  Index o f  the  source p la n e ......................................... 70

INPT ' A p a r a l le l in p u t in s t r u c t io n ..................................   105

IOBR . In p u t/o u tp u t b u f fe r  r e g is t e r .................................  57

IOP In p u t/o u tp u t p la n e . . . ................ .................  40

IR Index o f  the  f i r s t  row o f  an a r ra y ...................... 70

1/0 In p u t /o u tp u t ............................... ........................................ . 4

JC < Index o f  the la s t  column o f  an
a r ra y .............................  ................... ................................  70

JJ Index o f  the  d e s t in a t io n  p la n e .......... ..............   70

x iv



XV

N o ta tio n  Meaning Page f i r s t
. encountered

JR Index o f  the  la s t  row o f  an a r ra y ............................70

LED L ig h t e m it t in g  d io d e . . . : . ............................................ 335

LSI Large sca le  in te g ra t io n  (c e r ta in  in ­
te g ra te d  c i r c u i t  te c h n iq u e s ) ......................................43

MAX A c a l l  f o r  a processor to  f in d  the
maximum elem ent o f  an a r ra y .................................... 220

MC Memory cube.........................................................................  39

MIA M a tr ix  in v e rs io n  a lg o r ith m ...........................  134

MMA M a tr ix  m u lt ip l ic a t io n  a lg o r ith m ...............................125

MMESA Search f o r  a maximum o r a minimum
element a lg o r ith m ............................................................136

MP Memory p la n e ,....... .............   39

MRC Memory c e l l ' s  c o n tro l r e g is t e r . . . ............... ............. 47

MRT Memory c e l l ' s  in te rp la n e  t ra n s fe r
b u f fe r  r e g is t e r .........................................   47

MRl Memory c e l l ' s  r e g is te r  number one...................   46

MR2 Memory c e l l  's  r e g is te r  number tw o ..........................  46

MTA M a tr ix  transpose a lg o r ith m .......................................... 123

OBS O utput b u f fe r  s ta c k ............................   57

OP ' O p e ra tio n ....................................................  41

OUTP A p a ra l le l o u tp u t in s t r u c t io n .................  109

PEPE P a ra l le l element p rocess ing  ensem b le ................. 27

PSAW Program s ta tu s  a rra y  o f  w o r d s . . . . . ........................ 151



N o ta tio n

PSDW : 

SIM3D

SIM3DMIX ::

SPSD

TRAN

VCSR

VCSR(I) .. 

X

X-Decoder

Y-Decoder

!-D ecoder

3-D

o

r * i

Program s ta tu s  doubleword.....................   151

Assembly language f o r  the  th re e
d im ensional com puter..................... ..............................  87

A w ork ing ve rs io n  o f  SIM3D which a llo w s  
in l in e  FORTRAN a n d /o r assembly language 
in t r u c t io n s ........................................................................  113

S u pe rv iso r machine program s ta tu s
doublew ord............................................................................. 151

In te rp la n e  t ra n s fe r  in s t r u c t io n ............................  70

• V e r t ic a l c o n tro l s h i f t  r e g is t e r . . ........................  57

Gate I  d r iv e n  by the  v e r t ic a l c o n tro l
s h i f t  r e g is t e r . ................................................................ 73

C e ll con ten ts  a re  no t s u b je c t to  in t r a -
plane t r a n s fe r .................................................................  125

Row a c t iv a t io n  decoder................................................ 63

Column a c t iv a t io n  decoder.........................................  63

Plane a c t iv a t io n  decoder...........................................  63

Three d im e n s io n a l........................................................... 31

C e ll con ten ts  are in te rp la n e  t ra n s ­
fe r re d  us ing  a re c ta n g u la r  p a th ..........................  124

C e il in g  o f  x .....................................  .............................. 124

Meaning Page f i r s t
encountered



ABSTRACT

T h is  th e s is  describ es  a p a r a l le l processor whose p r in ­
c ip a l fe a tu re s  are  a s e t o f  p rim ary  memory, a r i th m e t ic ,  and I/O  
planes arranged to  form  a th re e -d im e n s io n a l (3-D) s t ru c tu re .
The memory p lanes are  a lso  used f o r  data m a n ip u la tion  bu t no t 
f o r  a r ith m e tic  o p e ra tio n s . The s t ru c tu re  is  so arranged th a t  
data m a n ip u la tio n  a r ith m e tic  o r  lo g ic  o p e ra tio n s , and I/O  
o p e ra tio n s  can be s ig n i f ic a n t ly  overlapped . C o n tro l, necessary 
language t r a n s la t io n ,  and n o n -p a ra lle l fu n c t io n s  are performed 
by a genera l purpose s u p e rv is o ry  machine which is  in te r fa c e d  
w ith  th e  3-D s t ru c tu re .

An in te rp re te r -s im u la to r  c a lle d  SIM3D has been developed 
to  in te r p r e t  and execute 3-D in s t r u c t io n s .  FORTRAN used along 
w ith  in - l in e  SYMBOL assembly language were used to  w r ite  SIM3D.
The 3-D in s t r u c t io n s  have a f i v e - f i e ld  f ix e d  fo rm a t and are 
s tro n g ly  c o r re la te d  w ith  the  a c tu a l hardware s tru c tu re  and 
c a p a b i l i t y .  O rd ina ry  se q u e n tia l (n o n -p a ra l le l)  in s tru c t io n s  
are a ls o  implemented and may be in te rm ix e d  in  the in s t r u c t io n  
stream a lthough  they  are  executed by the  s u p e rv iso ry  machine.

Some popu la r m a tr ix  o r ie n te d  problems were programmed 
and executed, in  SIM3D language; these programs i l l u s t r a t e  the 
3-D machine as an e f fe c t iv e  com putation to o l fo r  re a l- t im e  
problems and as a means o f  g a in in g  more th roughput over conven­
t io n a l general purpose com puters.

F a u lt - to le ra n t  computing modes and a system design a p p lic a b le  
to  the  3-D machine a rc h ite c tu re  have been e s ta b lis h e d  from  s ta te -  
o f - t h e - a f t  l i t e r a t u r e  on f a u l t - t o le r a n t  design f o r t i f i e d  by some 
ideas p e c u lia r  to  the  s p e c if ic  3-D s t ru c tu re .
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I . I On The E v o lu tio n  o f  D ig i ta l  Computers

The e v o lu t io n a ry  development o f  e le c tro n ic  com puting machines 

has been s t ro n g ly  in flu e n c e d  by the  s ta te - o f - th e - a r t  in  e le c tro n ic s

and o th e r components th a t  make up the  machines, coupled w ith  the de-
• /

mands o f  the  a p p lic a t io n s  to  which the  machines w i l l  be p u t.

L im ita t io n s  on a p p lic a t io n s  o f  machines have u s u a lly  re f le c te d  

l im i ta t io n s  in  the  s ta te - o f - th e - a r t  and a high co s t-to -p e rfo rm a n ce  

r a t io .  Components must be a v a i la b le ,  dependable, in expen s ive , and 

re p ro d u c ib le  w ith  a h igh degree o f  u n ifo rm ity .  The h is to r y  o f  

computing m achinery r e f le c t s  t h is  s ta te  o f  a f f a i r s  q u ite  c le a r ly .

In  the  e v o lu t io n  o f  what a re  c a lle d  f i r s t  genera tion  com puters,
I

memories were s lo w (5) (m agnetic drums w ith  200 ms access t im e ) ,  

a r ith m e tic  u n its  were slow (m a in ly  re la y  type lo g ic ) , and because 

o f  the  expense, genera l r e g is te rs  were n o t in  wide use. In  a d d it io n ,  

th e  s iz e  o f  the  components used in  the  f i r s t  gene ra tion  machines 

and t h e i r  heat gene ra tion  precluded the  c o n s tru c tio n  o f  la rg e ,  fa s t  

machines w ith  g re a t c a p a b i l i t ie s .  Such machines were no t fo rthcom ing  

u n t i l  te c h n o lo g ic a l advances led  to  second gene ra tion  machines.

Second gen e ra tion  machines had a c o n s tru c tio n  which was 

t y p ic a l ly  a tu b e - t r a n s is to r  co m b in a tion , the reby  making sm a lle r

I .  Numbers in  pa re n th e s is  r e fe r  to  re fe rences  l is te d  in  the 
B ib lio g ra p h y .
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machines w ith  le s s  heat g e n e ra tio n . Memories were fa s te r  and 

more compact because random access m agnetic core memory had been 

re c e n t ly  in trodu ced  (5 ) .  In p u t/O u tp u t dev ices became fa s te r  and 

more r e l ia b le ,  and the  use o f  m u lt ip le ,  genera l-purpose re g is te rs  

came about. Speed increases thus made th e  use o f  such computers 

f o r  r e a l- t im e ,  o n - l in e  problems p ra c t ic a l in  some in s ta n ce s . 

O rg a n iz a t io n a lly ,  the  bas ic  Von Neuman programming concept and memory 

a l lo c a t io n  concept were s t i l l  employed. Machines were s e r ia l ly  

o rgan ized ,' and memory was accessed s e q u e n t ia l ly ,  one word a t  a tim e .

Data t ra n s fe rs  between v a rio u s  lo c a tio n s  in  memory were a ls o  accom­

p lis h e d  s e r ia l l y ;  th roughpu t increases were p o s s ib le  o n ly  through 

increases in  in d iv id u a l element speeds. I t  was no t th a t  p a ra l le l 

p rocess ing  was no t considered bu t ra th e r  the  problem was s t i l l  one o f  

excess ive  element s iz e  and the  expense o f  modular r e p l ic a t io n .  Examples 

(22) o f  re a l- t im e  a p p lic a t io n s  a re : a i r  t r a f f i c  c o n tro l in  congested 

a reas , th e  s te e r in g  o f  e le c tro n ic  ra d a r systems, f i l t e r i n g  and c o n tro l 

a p p lic a t io n s  in  complex system s, and s ig n a l id e n t i f ic a t io n  o f  such 

na tu re  as is  shown in  the  Fast F o u rie r  Transform  (FFT). During 

th e  m id -1 9 6 0 's , ra p id  advances in  s o l id - s ta te  techno logy occu rred , 

and the  computers co n s tru c te d  d u r in g  th e  pe riod  p r o f i te d  as a 

r e s u l t .  The IBM 360 s e r ie s  came in to  being as d id  th e  RCA Spectra 

70 and th e  XDS Sigma s e r ie s .  These as w e ll as o th e r machines rep resen t 

the  s o -c a lle d  t h i r d  gen e ra tion  o f  com puters, and have u s u a lly  the
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same s o r t  o f  c h a r a c te r is t ic  as the  o r ig in a l Von Neuman machines; 

th a t  i s ,  a s in g le  process ing  u n i t  w h ich.has access to  a sequen tia l 

memory. Some spread ing  o f  fu n c t io n s  th roughou t the  s tru c tu re  o f  

the  com puting machine was however, becoming e v id e n t. Tasks th a t  

p re v io u s ly  had been handled by the  c e n tra l processor were now being 

handled by p e r ip h e ra l d e v ic e s , e . g . , in p u t /o u tp u t  processors were 

now do ing  data fo rm a tt in g .  M u lt ip o r t  access to  memory a llow ed 

o ve rla p p in g  I/O  w ith  o th e r  o p e ra tio n s . I t  was a ls o  d u r in g  th is  

p e rio d  th a t  m u lt ip ro c e s s in g  gained p o p u la r ity .  The sha rin g  o f  

resources o f  the  e n t ir e  machine (memory re sou rces , c e n tra l processor 

resources and in p u t /o u tp u t  resou rces) between d i f f e r e n t  programs 

(M ultip rogram m ing) was employed. Th is  s t r ip p in g  away o f  tasks from 

the  c e n tra l processor was in d ic a t iv e  o f  an overworked p rocesso r, an 

obvious b o tt le n e c k  in  th ro u g h p u t. No m a tte r how much th e  speed o f  

t h is  s in g le  processor element was in c re a se d , th e re  were n a tu ra l 

l im i ta t io n s  on execu tion  speeds. Thus, many workers in  the  f ie ld  

becam e.in te res ted  in  p a r a l le l  p ro ce ss in g , th a t  i s ,  the  execu tion  o f 

more than one a r ith m e tic  o r  lo g ic a l o p e ra tio n  s im u lta n e o u s ly . The 

idea was no t p a r t ic u la r ly  new, bu t i t  had no t seen g re a t a p p lic a tio n  

in  e a r l ie r  computer d e s ig n s , p r in c ip a l ly  due to  co s t and s ize  problem s, 

bu t new techno logy  was making modular r e p l ic a t io n  more fe a s ib le .  

A lthough c e r ta in ly  no t a l l  problems to  which one would address an 

au tom atic  c a lc u la t in g  machine have s u f f i c ie n t  p a ra l le l is m  in h e re n t
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in  them to  make a p a r a l le l  machine c o s t e f fe c t iv e ,  th e re  is  a la rge  

enough number o f  such problems to  make the  study o f  p a r a l le l  oper­

a t in g  machines a w o rth w h ile  u n d e rta k in g . In  f a c t ,  m ajor p o rtio n s  

o f  the  aforem entioned a p p lic a t io n s  in  ra d a r ,  s ig n a l p rocess ing , 

c o n t r o l,  and f i l t e r i n g  f a l l  in  t h is  ca te g o ry . T h e re fo re , a la rge  

amount o f  in te r e s t  came about in  th e  design and e v a lu a tio n  o f  p a ra l le l 

o p e ra tin g  m achines. The p a r a l le l  processors which are u s u a lly  

considered as m ile s ton es  in  the  f i e l d  a re : The Unger S p a t ia l ly

O rien ted  Computer (4 5 ) , The H o lland Computer (2 4 ), The Comfort 

Computer (1 2 ) , The SOLOMON Computer (4 4 ) , The Gonzales I te r a t iv e  

C i r c u i t  Computer (1 7 ) , The ILLIAC IV Computer (4 ) ,  and th e  Cannon- 

M ulder A rra y  Computers (9 ,  32 ). In  essence, a p a ra l le l processor 

is  viewed as a fa s t  machine from  slow p a r ts .  A lthough th e  number 

o f  o p e ra tio n s  c a r r ie d  o u t per second by each o f  the  in d iv id u a l 

a r ith m e tic  u n its  may no t be p a r t ic u la r ly  h ig h , when one cons ide rs  the 

t o t a l i t y  o f  o p e ra tio n s  being c a r r ie d  o u t ,  the  e q u iv a le n t sequen tia l 

in s tru c t io n ^  ra te  can be e x c e p tio n a lly  h ig h . I t  tu rn s  o u t ,  th e re fo re , 

th a t  when a p p ro p ria te  problems are addressed, a p a r a l le l processor 

can be an E f fe c t iv e  means o f  a t ta c k in g  a problem i f  one u t i l i z e s  

a la rg e  number o f  id e n t ic a l c e l ls  which may have e lem entary a r ith m e tic  

and lo g ic  c a p a b i l i t ie s  b u i l t  in to  them, and which are  in te rcon nec ted  

in  such fa sh io n  as a p p ro p ria te  to  the  c la s s  o f  problems under 

c o n s id e ra t io n .
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1.2 A Survey o f  P a ra l le l Processors

The fo llo w in g  is  a c h ro n o lo g ic a l survey o f  p a r a l le l  processors 

which are  re le v a n t to  the  ph ilo sophy  o f  th e  3-D m achine 's o rg a n iz a tio n  

and is  no t in tended to. be an exhaustive  survey o f. a rra y  machines.

1 .2 .1  The Unger Computer

The Unger Computer is  a computer o r ie n te d  towards s p a t ia l 

problem s(4 5 ).'. By a s p a t ia l problem i t  is  meant a problem which can 

be broken down in to  a m u ltid im e n s io n a l a rra y  o f  id e n t ic a l subproblems,

e .g . p a r t ia l  d i f f e r e n t ia l  e q u a tio n s , p a tte rn  re c o g n it io n ,  and random
.

s ig n a l p rocess ing . U nger's  computer is  a ve ry  e f fe c t iv e  to o l fo r  

p a r a l le l p rocess ing  b in a ry  p a tte rn s  in  two dim ensions. The Unger 

computer c o n s is ts  o f  a m aster c o n tro l u n i t ,  and a re c ta n g u la r  

a rra y  o f  p rocess ing  modules, as in  F igu re  1 .1 . . Each module 

communicates w ith  i t s  fo u r  nea res t ne ighbors and re ce ive s  orders 

from  the  m aster c o n tro l u n i t .  In o rd e r to  s im p l i fy  th e  hardware, 

the  m aster c o n tro l u n i t  cannot address th e  modules in d iv id u a l ly ,  

bu t issues general o rde rs  which go to  a l l  o f  the modules. A module 

u n i t  c o n s is ts  o f  a o n e -b it  accum u la to r, a small amount o f  random 

access memory, ( s ix  b i t s  in  one b i t  w o rds ), and some assoc ia ted  

lo g ic .  In p u ts  to  each module come from  th e  m aster c o n tro l and from 

the  accum ulators o f  the  nea res t ne ighbor modules. I f  the  accum ulators 

o f  a l l  modules c o n ta in  z e ro , a lo g ic a l adder (o r ga te ) w ith  an in p u t



MODULE

MODULE

MODULE

MASTER
CONTROL

MODULE

MODULE

MODULE
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from  each module s ig n a ls  th a t  c o n d it io n  back to  the  m aster c o n tro l,  

u n i t .  T h is  in s t r u c t io n  is  analogous to  the  c o n d it io n a l t ra n s fe r  

o rde r used in  conve n tiona l machines.

The m aster c o n tro l is  capable o f  pe rfo rm ing  a s in g le  in s tru c t io n  

in  a l l  c e l ls  a t  once which s im p l i f ie s  i t s  hardware design and 

s t ru c tu re .  T h is  s im ple  design o f  th e  m aster c o n tro l u n i t  is  c o s t ly  

in  th a t  le n g th y , com plica ted  programming o f  the  machine is  sub­

sequ en tly  necessary.

1 .2 .2  The H o lland Computer

The purpose o f  th e  H o lland computer o rg a n iz a tio n  was to

p ro v id e  a ,b a s is  fo r .  in v e s t ig a t io n  in to  c o m p u ta b ility  and the  theo ry

o f  automata.. A computer o rg a n iz a tio n  ..described by H o lland (2 4 ),
: .. ■ ■ 

e s ta b lis h e d  system c o n tro l a t  the  lo c a l le v e l in  the  p rocess ing

a rra y . ,.This o rg a n iz a t io n  is  in  d i r e c t  c o n tra s t to  th e  c e n tra l

c o n tro l concept suggested by Unger.

I t  c o n s is ts  o f  a tw o-d im ensiona l a rra y  o f  id e n t ic a l modules, 

each .moduTe c o n ta in in g  a .s to ra g e  r e g is te r ,  ro u t in g  lo g ic ,  and 

a u x i l ia r y - r e g is te r s .  A t any g iven  tim e  a module w i l l  be a c t iv e  

o r  in a c t iv e .  I f  the  module is  a c t iv e ,  i t  t re a ts  i t s  con ten ts  

as an in s t r u c t io n  and proceeds to  execute the  in s t r u c t io n .  A f te r  

a module has executed i t s  in s t r u c t io n  i t  passes i t s  a c t iv e  s ta tu s  

on to , i t s  successor, which may be any o f  i t s  fo u r  nea res t neighbors in
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in  the  a r ra y . W ith t h is  computer s t r u c tu r e , sequences o f  in s tru c t io n s  

are arranged s p a t ia l ly  th roughou t th e  a rra y  o f  m odules, w ith  an a r b i ­

t r a r y  number o f  sequences being executed a t  any g iven t im e . The oper­

a t io n  c y c le  o f  t h is  computer c o n s is ts  o f  the  fo llo w in g  th re e  phases:

1. Module s to rage  re g is te rs  a re  se t to  va lue  p rov ided by an 

. e x te rn a l source a t  the  same tim e  th a t  a lo g ic a l path is

e s ta b lis h e d . A path  is  a cha in  o f  modules which l in k s  two 

non -ad jacen t a c t iv e  modules.

2. A c t iv e  modules re c e iv e  operands dependent upon the  to p ­

o logy  o f  th e  lo g ic a l path enabled. See F igure  1 .2 .

3. In s tru c t io n s  s to re d  in  a l l  a c t iv e  modules are  executed.

The .H olland machine is  d i f f i c u l t  to  program e f f i c ie n t l y ,  and a

la rg e  amount o f  hardware is  re q u ire d  to  accom plish a n o n - t r iv ia l  com­

p u tin g  ta s k . However, i t  in tro d u ce s  the  concept o f  an a rra y  o f  

id e n t ic a l ,  lo c a l ly  c o n tro lle d  modules which are in te rco n n e c te d  to  form 

a com puter. •

F igu re  1 .2  shows a s in g le  module o f  the  Holland com puter,

w h ile  F igu re  1 .3  shows modules used in  the  execu tion  o f  an
■>

in s t r u c t io n .

1 .2 .3  The Comfort Computer

C o m fo rt's  proposed computer (12) is  a m o d if ic a t io n  o f  the 

Ho lland com puter, described  above, which a ttem pts to  accom plish
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the  fo llo w in g  g o a ls :

1. . Reduction in  machine programming c o m p le x ity , th e re b y  in c re a s in g

i t s  p ra c t ic a l a b i l i t y  to  so lve  problem s.

2. Reduction o f  th e  hardware re q u ire d  to  implement th e  machine 

w ith o u t s a c r i f ic in g  i t s  th e o re t ic a l computing power.

The Com fort machine re ta in s  th re e  basic fe a tu re s  o f  the  Holland 

computer which a re :

1. A p a r a l le l  network o f  computing e lem ents.

2. Sequencing o f  in s t r u c t io n s  which are arranged s p a t ia l ly  

th ro ugho u t the  a rra y  o f  modules w ith  an a r b i t r a r y  number

. o f  sequences being executed a t  any g iven tim e .

3. The method o f  data  access ing .

The Comfort computer is  fundam ently  an a rra y  o f  modules each 

o f  which c o n s is ts  o f  two e s s e n tia l p a r ts :

1. A memory and c o n tro l s e c t io n ,

2. A communication s e c tio n  which c o n tro ls  communication w ith  

. th e  fo u r  nea res t ne ighbors .

The a rra y  is  re c ta n g u la r  w ith  a s e t o f  a r ith m e tic  u n its  a t 

one s id e . See F igu re  T .4 .

. The A-Boxes in  F igu re  1 .4  are  b a s ic a l ly  f ix e d - p o in t  a r ith m e tic  

u n its  c o n ta in in g  an accum u la to r, m u l t ip l ie r ,  and o p e ra tio n  decoder.

An in s t r u c t io n  sequence must s t a r t  from  an A-box. The re s u lts  o f  

an o p e ra tio n  are re tu rn e d  to  a s p e c if ie d  element o f  th e  a rra y  o r
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re ta in e d  in  th e  A-box. Comfort u t i l iz e d  the  n o tio n  o f  th e  l in e  

o f  successors and the  l in e  o f  predecessors which was in tro d u ce d  by 

H o lland . The n o tio n  o f  path b u ild in g  f i r s t  in troduced  by Holland 

p re v a ils  in  th e  Comfort machine a ls o .

A bas ic  weakness o f  th e  Comfort computer is  the  fa c t  th a t  the 

path b u ild in g  o p e ra tio n  is  done one segment a t  a t im e . A ls o , a 

la rg e  number o f  the  modules are s e rv in g  the  so le  purpose o f  being 

p a r t  o f  a path to  the  te rm in a tio n  module.

1 .2 .4  The SOLOMON Computer

The SOLOMON (S im ultaneous O pera tion  Linked O rd ina l Modular 

Network) Computer is  one o f  the  most in te re s t in g  p a ra l le l 

processors to  s tudy because i t  was no t o n ly  proposed, bu t a lso  a 

p ro to ty p e  has been b u i l t  (4 4 ).

The SOLOMON computer c o n s is ts  o f  th re e  m ajor u n its  ( 7 ) ,  as 

shown in  F igu re  1 .5 . These u n its  a re : the  process ing  element

(PE) ne tw o rk , th e  network c o n tro l u n i t  (NCU), and the  in p u t-o u tp u t 

u n i t  (IO U ). The bas ic  system described  c o n s is ts  o f :  an a rra y  o f

32 x 32 PE ne tw o rks , an NCU w ith  two c o n tro l and a r ith m e tic  s u b u n its , 

and an IOU which c o n s is ts  o f  f iv e  data channels. The system can be 

re c o n fig u re d  by th e  programmer in to  fo u r  16 x 16 a rra y s  o r  s ix te e n  

8 x 8  a r ra y s ,  e tc .
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Figure 1.5 The Basic O rganization o f the SOLOMON Computer.
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A PE possesses com plete a r ith m e tic  c a p a b i l i t ie s ; i t  a lso  

has,two memory frames o f  s to rage  w ith  4096 b i ts  o f  s to rage  per. 

fram e, which is  expandable to  16,384 b i t s .  Each PE is  capable 

o f  pe rfo rm ing  s e r ia l - b y - b i t  a r ith m e tic  and lo g ic  o p e ra tio n s . 

In fo rm a tio n  is  t ra n s fe r re d  to  o r  from  any o f  the  fo u r  nearest 

ne ighbors o f  a PE s e r ia l ly - b y - b i t .

The SOLOMON computer was the  f i r s t  a ttem pt (1962) to  

c o n s tru c t a machine s p e c i f ic a l ly  o r ie n te d  towards the  s o lu t io n  

o f  the  genera l c la s s  o f  m a tr ix  problem s. I t  presented modular d is ­

t r ib u te d  computer design by in tro d u c in g  the  concept o f  a module o r 

a PE w ith  i t s  own sto rage  and c o n tro l c a p a b i l i t y .  The PE operates 

under the  o v e ra ll c o n tro l o f  the  NCU and IOU over the  whole a rra y  

o f  modules o r  PE's w ith  the  p o s s ib i l i t y  o f  communication between 

the  fo u r  nea res t ne ighbor modules o n ly .

The SOLOMON com puter, s ince  i t  was cons truc te d  from  d is c re te  

components a v a ila b le  a t  the  t im e , was organ ized as a s e r ia l - b y - b i t  

machine. ' The same machine cou ld  be co n s tru c te d  as a p a ra l le l-b y  

word computer w ith  o n ly  m inor a rc h ite c tu re  changes necessary.

1 .2 .5  The Gonzalez Machine (A M u lt i la y e r  I te r a t iv e  C i r c u i t  Computer) 

A machine was proposed by Rodolfo  Gonzalez (17) in  1963 fo r  

d e a lin g  w ith  problems in v o lv in g  s p a t ia l re la t io n s h ip s  between
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v a r ia b le s .  The Gonzalez machine has the  fo llo w in g  fe a tu re s :

1. Path b u ild in g  which is  s im ila r  to  th a t  proposed by Unger 

(3 ) and H o lland (2 4 ).

2. Three stacked la y e rs  o f  p rocess ing  elements which are re fe rre d  

to  as program la y e r ,  c o n tro l la y e r ,  and computing la y e r .

Every la y e r  has a s p e c ia liz e d  fu n c t io n , se p a ra tin g  the

f lo w  o f  c o n tro l s ig n a ls  from  the  f lo w  o f  in fo rm a tio n .

3. A th ree -phase  sequence o f  o p e ra tio n s  in  which i n i t i a l l y  the 

program la y e r  s to re s  the  data in s t r u c t io n s ,  subsequently  

th e  c o n tro l la y e r  decodes the  in s tru c t io n s  and th e  computing 

la y e r  executes th e  in s t r u c t io n s .

In steady s ta te  o p e ra tio n , these th re e  la y e rs  a c t iv a te  s im u ltaneous ly  

and opera te  oh d i f f e r e n t  in s t r u c t io n s .  Th is  re s u lts  in  an e f fe c t iv e  

in s t r u c t io n  tim e  e q u iv a le n t to . th e  tim e  i t  takes one la y e r  to  

perform  i t s  ta s k .

A ccord ing  to  Gonzalez, any in d iv id u a l module can fu n c t io n  a t 

v a rio u s  tim es as an accum u la to r, r e g is te r ,  memory c e l l ,  o r  s im ply 

as a connecting  l i n k .  I t  can be a c t iv a te d  in  any o f  these fu n c tio n s  

a t  any tim e  d u rin g  th e  execu tion  o f  th e  program.

The th roughpu t o f  the  Gonzalez machine is  r e s t r ic te d  by the 

scheme used fo r  s e le c t in g  operands. Th is  is  due to  the  fo llo w in g  

two fa c to rs :  I )  th e  path b u ild in g  procedure is  e s s e n t ia l ly  s e q u e n t ia l,

r e s u lt in g  in  long e f fe c t iv e  execu tion  t im e ; and 2) f o r  operands which
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?

are no t in  two p h y s ic a l ly  a d jacen t modules a l in k  is  b u i l t  which 

uses the  modules between the  ones c o n ta in in g  the  operands as l in k s .  

These l in k in g  modules a re  precluded from  do ing any o th e r ope ra tion  

excep t l in k in g .

1 .2 .6  The ILLIAC IV Computer

The ILLIAC IV computer which was in troduced  by Barnes e t a l .

(4 ) o f  the  U n iv e rs ity  o f  I l l i n o i s  a t  Urbana in  1968, is  an a rra y  

p rocesso r; i t  can be considered as a descendant o f  the  SOLOMON , 

com puter, w ith  some re v is io n  o f  th e  ph ilo sophy  o f the  SOLOMON 

des ign . W hile the  SOLOMON computer d e v ia te s  s ig n i f ic a n t ly  from  the 

Von Neuman concept o f  d ig i t a l  com puters, the  ILLIAC IV des igners t r ie d  

to  make a co s t versus performance compromise by re ta in in g  some con­

v e n tio n a l Von Neuman concep ts. By em ploying severa l process ing  

elements (P E 's ) ,  and severa l in p u t /o u tp u t  channels ( I /O )  bu t w ith  

a s in g le  c o n tro l u n i t  (CU); the  goal o f  b u ild in g  a s u p e rfa s t computer 

a t  a reasonable  c o s t appeared to  be re a liz a b le .  A s in g le  CU stems 

from  th e  fa c t  th a t  c o n tro l u n its  a re  much more expensive than PE's 

o r  I/O  u n i ts .  ■

I t  was o r ig in a l ly  proposed to  use 256 PE's d iv id e d  in to  fo u r  

quadrants o f  64 each. Each quadrant has a s in g le  CU which decodes 

in s t ru c t io n s  and generates the  same c o n tro l s ig n a ls  f o r  a l l  PE's in  

th e  quad ran t. Each PE can execute o r  i n h ib i t  the  in s t r u c t io n  issued
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by the  CU. The fo u r  a rra ys  may be connected to g e th e r under program 

c o n tro l to  p e rm it m u ltip ro c e s s in g  o r s in g le  process ing  o p e ra tio n .

Each RE has a process ing  element memory (PEM), which c o n s is ts  

o f  2048 words o f  64 b i t s  each; a th in  f i lm  random access memory o f  

240 nanosecond (ns) c y c le  tim e is  used. Each RE is  capable o f  a 

64 b i t  f lo a t in g  p o in t m u lt ip l ic a t io n  in  400 ns o r an a d d it io n  in  

240 ns.

F igure  I .6 shows the  general o rg a n iz a tio n  o f  the  ILLIAC IV 

computer as i t  was proposed. As the  f ig u r e  in d ic a te s , the  ILLIAC 

IV system is  superv ised  by a general purpose com puter; a B6500 computer 

is  used in  the  machine as c o n s tru c te d . A p a ra l le l accessed high data 

ra te  (IO 9 b i ts / s e c . )  d is k  is  used as a backup memory.

The modular o rg a n iz a tio n  o f  the  ILLIAC IV as an a rra y  o f  PE's 

s im p l i f ie s  maintenance problem s. The design p o lic y  o f  p lugab le  

modules reduces the  down tim e o f  th e  machine and s im p l i f ie s  d ia g n o s tic  

procedures.

The B6500 is  capable o f  c o m p ilin g  programs to  run on the ILLIAC 

IV , s im u la tin g  the  fu n c t io n  o f  the  ILLIAC IV when i t  is  down, and 

lo c a t in g  a f a u l t y  subsystem o r a, f a u l t y  module o f  the  subsystem.

Th is  la s t,  fu n c t io n  o f  the  B6500 assumes th a t  the  B6500 is  f a u l t  f re e .

The ILLIAC IV proved the  com puta tiona l p o te n t ia l behind the 

SOLOMON computer concept o f  p a r a l le l p rocess ing  when implemented as 

p a ra lle l-b y -w o rd .  I t  a lso  y ie ld e d  in fo rm a tio n  about the  im plem entation
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o f  some modern techn iques such as th in  m agnetic f i lm  memories and

LSI logic... The goal o f  the  ILLIAC IV p ro je c t  was to  b u ild  a
9

computer capable o f  execu ting  on the o rd e r o f  10 in s tru c t io n s /s e c ,  

bu t due to  s u b c o n tra c to r problems (6 ) ,  some te c h n o lo g ic a l changes 

were necessary. Th is  le d  to  co s t e s c a la t io n ,  re d u c tio n  o f  execu tion  

ra te  to  2x1O8 in s tru c t io n s /s e c o n d , and l im i t in g  the system to  one 

quadrant Of 64 PE's o n ly .

- t s

1 .2 .7  Cannon's C e llu la r  Computer

Cannon's computer (9 ) is  an a rra y  processor proposed in  1969, 

and was prompted by a search f o r  machines capable o f  ra p id  s o lu t io n  

o f  the  d is c re te  Kalman F i l t e r  A lg o r ith m . Cannon c a lle d  i t  the 

Kalman F i l t e r  (KF) machine. The KF machine is  capable o f  perfo rm ing  

m a tr ix  o p e ra tio n s  such as a d d it io n ,  s u b tra c t io n ,  m u lt ip l ic a t io n ,  

t ra n s p o s it io n  and in v e rs io n  ve ry  e f f i c ie n t l y .

The KF machine is  composed o f  a square a rra y  o f  process ing  

c e l ls  (P S 's ), a row c o n tro l r e g is te r ,  a column c o n tro l r e g is te r  

and a s in g le  g lo b a l c o n tro l u n i t  (GCU).

The a rra y  o f  p rocess ing  elements perfo rm  o p e ra tions  in v o lv in g  

m a tr ice s  and v e c to rs . Data is  s to red  in  the  a rra y  in  a n a tu ra l 

s p a t ia l d is t r ib u t io n  in  the  sense th a t  the  i  , j —  element o f  the  .
4» k

a rra y  is  s to re d  in  the  i  , j —  c e l l  o f  the  p rocess ing  a r ra y . See 

F igu re  1 :7 .
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The row and column c o n tro l r e g is te rs  form  an in te r fa c e  

between the  a rra y  o f  p rocess ing  elements and the g lo b a l c o n tro l 

u n i t .

The g lo b a l c o n tro l u n i t  (GCU) which resembles c lo s e ly  a 

s u p e rv is o ry  m achine, does the  fo llo w in g :

1. Fetches in s t ru c t io n s  from  i t s  memory.

2. Decodes these in s t r u c t io n s .

3. Sends c o n tro l s ig n a ls  to  the  a rra y  processor f o r  execu ting  

a r ra y  type  in s t r u c t io n s .

4. Executes n o n -a rra y  type in s t r u c t io n s .

Two types o f  in s t r u c t io n s  were suggested:

1. A rra y  in s t r u c t io n s  which perfo rm  o p e ra tions  on ve c to rs  

o r  m a tr ic e s .

2 . N on-array in s t r u c t io n s  which perfo rm  op e ra tio n s  on s c a la rs . 

Cannon proposed s p e c if ic  lo g ic  u n its  (9 ) ,  as p a r t  o f  each

processor c e l l ,  to  do c e r ta in  s tandard lo g ic  fu n c t io n s . He u t i l iz e d .  

AND, OR, and NOT as the  bas ic  se t o f  e lem entary lo g ic  to  b u ild  h is  

sp e c ia l lo g ic .  Some o f  h is  sp e c ia l lo g ic  u n its  a re : add-one c e l l .

One's to  Two's complement c e l l ,  Comparator c e l l  and Adder c e l l .  I t  

is  to  be noted th a t  a PS o f  Cannon's machine is  much s im p le r than a 

PE o f  the  ILLIAC IV.

A re c o n fig u re a b le  a rra y  in te rc o n n e c tio n  s t ru c tu re  was de­

signed to  connect a c e l l  to  i t s  ne ighbors v e r t i c a l l y ,  h o r iz o n ta l ly ,  

o r  m in o r-d ia g o n a lly .
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Cannon's machine proved to  be s ig n i f ic a n t ly  fa s t  on m a tr ix  

o r ie n te d  problem s. However, hardware requ irem ents are  h ig h , s ince 

the  com puting a rra y  c o n s is ts  o f  N2 com puting u n its  (N is  the 

dimension o f  the  a r ra y ) .  An increase  o f  execu tion  ra te  p ro p o rt io n a l 

to  N2 is  expected.

1 .2 .8  M u ld e r's  Computer

A "M a tr ix -O r ie n te d  C e llu la r  Computer Capable o f  F a u lt-  

T o le ra n t O pe ra tion " was proposed by M ulder (32) in  1970 as a 

c o n tin u a tio n  o f  the  work done by Cannon. M u lde r's  machine r e f le c ts  

the  u lt im a te  Cannon s ty le  de s ig n , which has i t s  o r ig in  in  the 

SOLOMON computer and i t s  descendant, the  ILLIAC IV . The Mulder 

machine is  a s p a t ia l ly  o r ie n te d  a rra y  Of process ing  e lem ents; 

th e  machine is  two d im ensional having c o n tro l c a p a b i l i t ie s  both in  

the  c e l l  ( lo c a l ) ,  and over a l l  the  c e l ls  (g lo b a l) .  See F igure 1 .8 . 

Th is  o rg a n iz a t io n  y ie ld s  more o p e ra tio n a l f l e x i b i l i t y  than th a t  o f 

Cannon's machine a t  the  expense o f  e x tra  hardware.

M u ld e r's  design is  d i f f e r e n t  from  Cannon's in  th e  fo llo w in g  

a reas: I )  p rocess ing  c e l l  o rg a n iz a tio n  and lo g ic a l d e s ig n ; 2)

speed o f  o p e ra t io n ; 3) speed o f  data  t ra n s fe r  w ith in  the  processing 

a r ra y ;  4): development o f  a computer assembly language in s t r u c t io n  

s e t ;  5) com plete a r ra y -s tru c tu re d  co m p u te r/s im u la tio n  (PAL-1) ;6) 

the  in tro d u c t io n  o f  hardw ired microsequence con tro l, a t  the  lo c a l
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le v e l ;  and 7 )  the  in tro d u c t io n  o f  a d d it io n a l p a ra l le l a r ith m e tic  

o p e ra tio n s .

A com bination o f  hardware and so ftw are  redundancies are 

used in  the  design to  ach ieve a f a u l t - t o le r a n t  o p e ra tio n  o f  th e  

computer elements o r  c e l ls .

The GCU is  a 10 M egahertz, 3 6 - b i t ,  general purpose computer, 

which corresponds to  the  B6500 in  the  ILLIAC IV system. Th is u n it  

fu n c t io n s  as a system e x e c u tiv e , and in i t i a l i z e s  and executes 

assembly language, in s t r u c t io n  s e ts . The GCU a lso  co n ta in s  a 

separa te  in p u t /o u tp u t  p rocessor o f  a rra y  da ta .

The e x te r io r  c o n tro l u n its  a re  the  m icrop rocess ing  u n i t  used 

to  c o n tro l data t ra n s fe r  o p e ra tio n  w ith in  the  process ing  a rra y  and 

o th e r u n i ts ,  the  dynamic m ic rop rocess ing  u n i t  used to  f a c i l i t a t e  

execu tion  o f  sp e c ia l in s t r u c t io n s ,  and the  in p u t/o u tp u t u n i t .

The X and Y command b locks ro u te  data and command s ig n a ls  

from  the  GCU and e x te r io r  u n its  to  the  process ing  a r ra y .

The p rocess ing  a rra y  c o n s is ts  o f  NxN id e n t ic a l c e l ls .  Each 

c e l l  c o n s is ts  o f  a M athem atical O pera tion  B lock (MOB), and a Data 

T ra n s fe r B lock (DTB). A c e l l  can be enabled o r in h ib ite d  accord ing 

to  the  X and Y commands. The MOB is  capable o f  do ing f lo a t in g  p o in t 

a d d it io n ,  s u b tra c t io n ,  and m u lt ip l ic a t io n .  The DTB is  capable o f 

ro u t in g  in fo rm a tio n  from  one c e l l  to  ano the r in  a s in g le  o pe ra tion  

re g a rd le ss  o f  th e  p ro x im ity  o f  the  two c e l ls ,  which o f fe rs  an advantage
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over the  Cannon machine (12) fo r  which t ra n s fe r  is  to  the  nearest 

ne ighbors o n ly . The DTB is  capable a ls o  o f  comparing two f lo a t in g  

p o in ts  words and has access to  the  memory module o f  the  processing 

c e l l .

M u ld e r's  machine rep resen ts  a step fo rw ard  in  the  a rra y  

processors f i e l d .  I t  so lved some o f  the  problems o f  Cannon's 

machine such as the  fa s te r  ro u t in g  o f  in fo rm a tio n  and a more 

e f fe c t iv e  in p u t /o u tp u t  p rocess ing  u n i t .  M ulder a lso  exp lo red  the 

idea o f  m a c ro in s tru c tio n s  and proposed a m icrop rocess ing  u n i t  as 

p a r t  o f  the  e x te r io r  c o n tro l u n i t  to  decode and execute the  macros. 

F a u lt-T o le ra n t computing through hardware and so ftw are  redundancy 

was a lso  d iscussed in  M u ld e r's  th e s is  (3 2 ).

A drawback o f  the  Mulder machine is  the  requ irem en t o f  a 

com plica ted  c e l l  capable o f  a r i th m e t ic ,  lo g ic ,  and data t ra n s fe r  

opera tions:. Th is  com plica ted  c e l l  no t o n ly  made the  design and 

consequen tly  the  c o n s tru c tio n  o f  the  c e l l  a hard ta s k ,  bu t a lso  

degraded the  p o te n t ia l performance o f . th e  machine, e s p e c ia lly  

when the  c e l l  has to  w a it  f o r  the  com p le tion  o f  an a r ith m e tic  

in s t r u c t io n  execu tion  be fo re  i n i t i a t i n g  a data t ra n s fe r  in s t r u c t io n .

1 .2 .9  The PEPE Computer

PEPE (T3) (P a ra lle l Element Processing Ensemble), has 

evo lved from  work done in  the  e a r ly  1960's a t  B e ll L a b o ra to rie s
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based on the  prem ise th a t  p a r a l le l data processors cou ld  gain 

increased perform ance th rough o rg a n iz a tio n  ra th e r  than c i r c u i t  

speed. E a rly  work centered on a form  o f  a s s o c ia t iv e  process ing  

memory c a lle d  D is tr ib u te d  Log ic Memory (26) (DLM) by Lee and P a u l, 

and la te r  work by Crane and G ithens (15) re s u lte d  in  the  eventua l 

design o f  PEPE. E v id e n tly  more ongoing research is  contem plated. 

A ccord ing to  Crane e t  a l . (13) "PEPE should be considered more as 

a snapshot than as a f in a l  d e s c r ip t io n " .

PEPE is  e s s e n t ia l ly  a p a ra l le l processor p e r ip h e ra l o f  a 

host m achine; i t  computes updated lo c a tio n s  fo r  m u lt ip le  o b je c ts  

as re q u ire d  f o r  re a l tim e  rada r p rocess ing . The h ig h ly  p a ra l le l 

a rc h ite c tu re  o f  PEPE a llo w s  many o b je c t tra c k s  to  be processed 

s im u lta n e o u s ly .

The PEPE-host com bination  can handle more o b je c ts  s im u l­

taneou s ly  than is  p o s s ib le  w ith  the  host computer a lo n e . A lthough 

a c o s t versus perform ance study has in d ic a te d  th a t  PEPE can be 

c o s t e f fe c t iv e  o n ly  i f  i t  is  b u i l t  from  MSI and LSI lo g ic  averag ing 

about 256 b i ts  per c h ip ,  the  p ro to ty p e  which is  a lre a d y  b u i l t  is  made 

o f  a low sca le  in te g ra t io n  o f  lo g ic  f la t -p a c k s  (ave rag ing  around 

th re e  gates per package).

The p ro to ty p e  o f  PEPE a lre a d y  b u i l t  has s ix te e n  processing 

elements (P E 's) arranged in  two wings o f  e ig h t  PE's each. Each 

PE has th re e  main p a r ts :  I )  an A r ith m e tic  u n i t  (AU), 2) a 512
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word random access memory, o f  32 b i t  words (M ), and 3) a c o r re la t io n  

u n i t  (CU). A g lo b a l c o n tro l couples the  ensemble o f  PE's to  the 

host machine. The g lo b a l c o n tro l c o n s is ts  o f  an A r ith m e tic  C ontro l 

U n it (ACU) and a C o rre la tio n  C ontro l U n it  (CCU). F igure  1 .9  shows 

the  general o rg a n iz a t io n  o f  the  PEPE computer.

For a rra y  o r ie n te d  problems each PE m a in ta ins  in fo rm a tio n  

on a d i f f e r e n t  element o f  the  a r ra y , data is  s to red  in  M w h ile  the 

AU and CU p ro v id e  the  in p u t ,  p roce ss in g , and ou tp u t fu n c t io n s  

f o r  data m aintenance.

The ACU and CCU to g e th e r w ith  the  host computer s to re  and 

c o n tro l the  programs s p e c ify in g  the  o p e ra tio n  o f  the  AU's and CU's. 

The ACU broadcasts one program in s t r u c t io n  a t  a tim e to  a l l  AU's 

s im u lta n e o u s ly . The CCU executes a second program independen tly  

and c o n c u rre n tly  w ith  the  ACU, b roadcas ting  one in s t r u c t io n  a t  a 

tim e to  a l l  CU's.

Each AU has an 8 - b i t  con te n t addressed tag  r e g is te r ,  th a t  

to g e th e r w ith  the  AU accum ulator r e g is te r  determ ines th e  s ta tu s  

o f  the  AU a c t i v i t y .  PEPE executes the  same in s t r u c t io n  in  a l l  

c e l ls  which l im i t s  th e  speed o f  the  machine when i t  is  a p p lie d  

to  problems w ith  d i f f e r e n t  in s tru c t io n s  a t  d i f f e r e n t  lo c a tio n s  

in  the  a r ra y , e .g . the  FFT a lg o r ith m  (1 3 ). A lso a host machine 

is  essen tia l, f o r  such tasks  as co m p ilin g  and schedu ling  o f  

programs.
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F igure  1 .9  General O rga n iza tion  o f  the PEPE Computer.
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A ccord ing  to  Crane e t  a l . (1 3 ) : 11PEPE can perhaps be best 

c h a ra c te r iz e d  as an a s s o c ia t iv e ly -o rg a n iz e d , h ig h ly  p a r a l le l 

computer capable o f  execu ting  two in s t r u c t io n  streams s im u ltan eous ly . 

As such, PEPE bears s im i la r i t ie s  both to  a rra y  processors such 

as ILLIAC IV and to  a s s o c ia t iv e  p rocesso rs .

PEPE d i f f e r s  from  ILLIAC IV , however, in  i t s  use o f  a second 

in s t r u c t io n  stream fo r  c o r r e la t io n , and a lso  in  the  way th a t  PE's 

in te r a c t .  IL L IAC IV is  an a rra y  processor wherein each PE re ­

p resen ts  a d i f f e r e n t  p o in t  in  a two d im ensional g r id  and communicates 

d i r e c t ly  w ith  i t s  fo u r  nea rest ne ighbo rs . Th is arrangement is  

pow erfu l in  a p p lic a t io n s  such as heat f lo w  a n a ly s is ,  weather fo re ­

c a s t in g , e t c . , which re q u ire  much exchange o f  data among ne igh ­

b o rin g  PE 's. PEPE, on the  o th e r hand, p rov ides a re a l- t im e  data 

base re p re s e n tin g  o b je c ts  having l i t t l e  in te ra c t io n  w ith  one another 

and th e re  is  no need fo r  the  PE's to  have d i r e c t  in te rc o m m u n ic a tio n ."

PEPE is  th e re fo re  more o f  an ensemble computer than an 

a rra y  one. T h is  la c k  o f  communication in  PEPE p rov ides  fo r  more 

r e l i a b i l i t y  o f  th e  PE s ince  le ss  hardware is  employed to  b u ild  

the  PE.

1.3  Why a 3-D Computer?

Al I o f  the  aforem entioned machines are a rra y  p rocesso rs ; 

th a t  i s ,  th e  arrangement o f  the  p rocess ing  elements is  in  a
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re c ta n g u la r  in te rc o n n e c tio n  p a tte rn . A l l  o f  these machines su ffe re d  

from  some shortcom ing o r ano the r.

U nger's  machine (45) presented the  f i r s t  a tte m p t known to  

the  a u th o r to  e s ta b lis h  a computing machine which co n s is te d  o f an 

a rra y  o f  id e n t ic a l modules o r  p rocess ing  elem ents. U nger's  machine 

s u ffe re d  from  a r ig id  design which re q u ire d  a module e i th e r  to  

execute the  same in s t r u c t io n  executed in  the  re s t  o f  modules o r to  

in h ib i t  the  execu tion  and s ta y  id le .  The modules o f  U nger's 

machine implemented e lem entary o p e ra tio n s  o n ly  so th a t  any non­

elementary. o p e ra tio n  had to  be macro-programmed ou t o f  the  e lem entary 

o p e ra tio n s  a v a ila b le .  These shortcom ings made U nger's machine 

d i f f i c u l t  to  program e f f i c ie n t l y  so as to  make the  best use o f  

the  a v a ila b le  hardware c a p a b i l i t ie s .

H o lla n d 's  machine (24) as a fo l lo w  up o f  U nger's computer 

attem pted .to  spread the  c o n tro l th rough the  a rra y  s t ru c tu re ,  the reby 

causing the  modules to  a cq u ire  more com putationa l and communicational 

power. T h is  com p lica ted  the  hardware design o f  the  in d iv id u a l 

modules and t h e i r  in te r fa c e  hardware, thus making i t  s t i l l  more 

d i f f i c u l t  to  program the  machine e f fe c t iv e ly .

C o m fo rt's  computer (12) (c a lle d  a M od ified  H o lland Computer) 

came in to  ex is tence , to  s im p l i fy  the  hardware des ign  and program­

ming e f f o r t  r e la t iv e  to  th a t  o f  H o lla n d 's  computer w ith o u t s a c r i f ic in g  

much o f  the  com puting power o f  a H o lla n d - ! ik e  machine. Th is was
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achieved by d iv o rc in g  the  a r ith m e tic  fu n c t io n  o f  the  machine 

from  the  data t ra n s fe r  and movement fu n c t io n s  by in tro d u c in g  

the  A-boxes. Cost re d u c tio n  was achieved by sharing  the  A-boxes 

between the  d i f f e r e n t  modules o f  the  machine through a s w itch in g  

netw ork.

The SOLOMON computer (18) was proposed to  a l le v ia te  the 

problems o f  i t s  a n c e s to rs , in  p a r t ic u la r  in  regard to  programming.

The SOLOMON computer was much la rg e r  in  sca le  than the  p re v io u s ly  

mentioned com puters; i t  has more computing power and h ig h e r speed.

A t the  tim e  i t  was proposed (1962) i t  was expensive to  a f fo rd  a 

word s iz e  bus, thus i t  was e v id e n t th a t  ach iev ing  pow erfu l c o n tro l 

and computing c a p a b i l i t ie s  were hindered by the s e r ia l - b y - b i t  

data t ra n s fe r .

ILLIAC IV (4) came a long to  a l le v ia te  the SOLOMON com puter's 

shortcom ings. I t  d id  in c rease  the  th roughpu t trem endously (IO 9 

in s t ru c t io n s /s e c .  was proposed, bu t a IO^ in s tru c t io n s /s e c .  ra te  

was a c tu a l ly  a ch ie iv e d ) by o p e ra tin g  on words in s tea d  o f  b i ts  

both in  a r ith m e t ic  and t ra n s fe r  o p e ra tio n s . A lthough ILLIAC IV 

in h e re n t ly  has a pow erfu l p rocess ing  elem ent capable o f  both 

a r ith m e tic  and t ra n s fe r  op e ra tio n s  i t  s t i l l  had a process ing  element . 

communication c a p a b i l i t y  w ith  the  fo u r  nea rest ne ighbors o n ly .

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

o f  the  SOLOMON computer and the  ILLIAC IV com puter, (Cannon and
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M ulder computers and the  3-D machine were never in tended to  have 

the  same s iz e  o f  com puting power o f  the  ILLIAC IV com pu te r). The . 

Cannon and M ulder machines are re c ta n g u la r  a rra ys  o f  id e n t ic a l 

c e l ls  which are  in te rco n n e c te d  in  v e r t i c a l ,  h o r iz o n ta l,  and m inor 

d iagona l d ire c t io n s .  Th is  p rov ides  the  c a p a b i l i t y  o f  in te rchange 

o f  in fo rm a tio n  between c a l ls  in  a manner th a t  is  no t comparable 

to  the  s e r ia l in te rchange  o f  in fo rm a tio n  to  be found in  the  Von 

Neuman concep t. I t  is  a ls o  more pow erfu l than the  fo u r  nearest 

ne ighbors communication to  be found in  t h e i r  a n ce s to rs . A much 

r ic h e r  f lo w  o f  in fo rm a tio n  is  p o s s ib le  in  these machines. However, 

c e r ta in  d e f ic ie n c ie s  were uncovered in  the  e va lu a tio n  o f  these 

machines. The p r in c ip a l d e fe c ts  were th a t  each c e l l  (designed 

to  handle a r ith m e tic  o p e ra tio n s , data m a n ip u la tion  and t r a n s fe r ,  

and in p u t /o u tp u t  o p e ra tio n s ) was f i r s t l y  ve ry  complex, and secondly 

capable o f  pe rfo rm ing  o n ly  one o f  the  th re e  op e ra tio n s  mentioned 

a t a t im e . That i s ,  data t ra n s fe r  cou ld  o ccu r, a r ith m e tic  

o p e ra tio n s  cou ld  o c c u r, o r  in p u t /o u tp u t  cou ld  o ccu r, bu t o n ly  one o f 

these a t  a t im e . I t  became apparent th a t  the re  was an in e f f ic ie n t  

use o f  hardware in  th e  machine and th a t  id e a l ly  the  s tru c tu re  o f 

the  c e l l  should be s im p l if ie d  to  p ro v id e  a mechanism whereby 

o v e rla p p in g  o f  o p e ra tio n s  in  the  th re e  areas cou ld  be a f fe c te d .

Th is  gave r is e  to  the  n o tio n  o f  the  Three-D im ensional Computer 

(3-D Computer) in  which the  a rra y  s t ru c tu re  was expanded in  space
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from  a tw o-d im ensiona l arrangem ent. Memory is  brought ou t to  

form  a s in g le  s e c tio n  which is  devoted s o le ly  to  the  s to rage  and 

the  t ra n s fe r  o f  d a ta . The computing fu n c t io n  is  perform ed in  

ano the r s e c tio n  o f  the  m achine, which is  devoted s o le ly  to  th a t  

o p e ra tio n . The in p u t /o u tp u t  o p e ra tio n s  are performed in  another 

s e c tio n  o f  the  machine which is  again s o le ly  ded ica ted  to  

th a t  fu n c t io n .  By spread ing the  fu n c t io n  over the  s t ru c tu re  o f  

the  m achine, the  memory c e l ls  are s im p l if ie d  because they  no longer 

c o n ta in  thei a r ith m e tic  u n i t s , the  a r ith m e tic  c e l ls  a re  s im p l if ie d  

because they  no lo n g e r co n ta in  memory o r  I /O , and the  I/O  c e l ls  

are s im p l if ie d  because they  c o n ta in  n e ith e r  o f  the o th e r two 

fu n c t io n s .  Thus, a la rg e r  number o f  c e l ls  appear, bu t each one is  

o f  a s im p le r s t ru c tu re  w ith  the  a d d it io n a l advantage th a t  each 

s e c tio n  o f  th e  computer can now opera te  in  an overlapped fa sh io n  w ith  

the  o th e r s e c t io n s , th e re b y  in c re a s in g  th e  th roughput o f  the 

machine. A measure o f  the  e ffe c tiv e n e s s  o f  th is  spread ing ou t 

o f  the  fu n c t io n  over the  s tru c tu re  o f  the  machine w i l l  ve ry  l i k e ly  

be in  the  sense o f  the  c o s t per o p e ra tio n  o f  the machine. As the 

p r ic e  o f  hardware f o r  these p a r t ic u la r  c e l ls  decreases, (and 

h is t o r ic a l l y  the  p r ic e  o f  hardware has come down), the  e f fe c t iv e ­

ness o f  the  3-D o rg a n iz a t io n  w i l l  become g re a te r and g re a te r .

•

1.4  An O u tlin e  o f  the  Subsequent Chapters
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The m a te r ia l covered by th is  th e s is  is :

1. A genera l d e s c r ip t io n  a t  the  r e g is te r - t r a n s fe r - le v e l o f  the 

3-D machine. T h is  d e s c r ip t io n  is  ve ry  b r ie f  a t  some p o in ts ,  

e s p e c ia l ly  when i t  dea ls  w ith  subsystems which have been 

d e a lt  w ith  e x h a u s tiv e ly  in  the  l i t e r a t u r e .  T h is  general 

d e s c r ip t io n  is  the  theme o f  Chapter 2.

2. Chapter 3 is  devoted to  the  p re s e n ta tio n  o f  an assembly 

language which has been devised and used to  s im u la te  the 

3-D machine o p e ra tio n  a t  the  r e g is te r - t r a n s fe r - le v e l .

3. Chapter 4 is  devoted to  some p a r a l le l a lg o r ith m s  f o r  m a tr ix  

o p e ra tio n s . Some o f  these a lg o r ith m s  have been w r it te n  

e s p e c ia l ly  f o r  the  3-D m achine; the  a lg o rith m s  f o r  m a tr ix  

tra n sp o se , m a tr ix  m u l t ip l ic a t io n ,  and the search fo r  

maximum o r minimum element o f  an a r ra y . The m a tr ix  in v e rs io n  

a lg o r ith m  is  an adap tion  o f  the  Gauss-Jordan e lim in a t io n  

a lg o r ith m  (16) w r it te n  fo r  conve n tiona l s e r ia l machines.

4. Chapter 5 is  m o s tly  a survey o f  the  l i t e r a t u r e  on f a u l t -  

to le r a n t  computing and design c o n s id e ra tio n s  as a p p lic a b le  

to  the  3-D machine. Some fa u l t - t o le r a n t  com puting and 

design c o n s id e ra tio n s  which are  p e c u lia r  to  the  3-D 

machine a rc h ite c tu re  have been proposed.

5. The appendices are  a c o l le c t io n  o f  re s u lts  o f  research  work 

which has been done in  the  fo llo w in g  areas:
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. Appendix A summarizes the  work done to  f in d  the  v a l id  

connection  codes f o r  the  memory p lane in tra p la n e  t ra n s fe rs  and 

t h e i r  co rrespond ing  gate s e t t in g s .

Appendix B is  a summary o f  the  re s u lts  o f  a p p ly in g  the 

Quine-McClusky a lg o r ith m  (29) to  the  gate s e t t in g s .

Appendix C is  a l i s t i n g  o f  the  s im u la to r .

Appendix D is  a l i s t i n g  o f  a p a r a l le l m a tr ix  transpose 

a lg o r ith m .

Appendix E is  a l i s t i n g  o f  a p a r a l le l m a tr ix  m u lt ip l ic a t io n  

a lg o r ith m .

Appendix F is  a l i s t i n g  o f  a p a r a l le l  m a tr ix  in v e rs io n  

a lg o r ith m .

Appendix G is  a c o s t e s tim a tio n  procedure to  f in d  cos t 

es tim a tes  o f  3-D machines.

Appendix H is  a survey o f  p o s s ib le  non-conductive  data 

t ra n s fe r  te c h n o lo g ie s .



CHAPTER 2

HARDWARE ORGANIZATION OF THE 3-D COMPUTER
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2.1 General O rg a n iza tio n  o f  the  3-D Computer

The 3-D machine o rg a n iz a tio n  fo llo w s  the bas ic  ph ilosophy 

o f  i t s  p redecessors, the  Cannon and M ulder m achines, which in  

tu rn  have t h e i r  o r ig in  in  the  SOLOMON computer and i t s  descendant, 

ILLIAC IV . As a r e s u l t  o f  a p p ly in g  the  s im u la to r  o f  the  Mulder 

machine to  some m a tr ix -o r ie n te d  problems i t  was found th a t  th rough­

o u t  o f  th e  machine cou ld  be improved by a fa c to r  o f  2 o r  3 i f  the 

p rocess ing  elem ent is  p a r t i t io n e d  in to  th re e  general se c tio n s  which 

are p h y s ic a l ly  separa te  and are capable o f  o p e ra tin g  s im u lta n e o u s ly , 

the  I/O  p ro ce sso r, the  data m a n ip u la tio n  and movement processor 

(w ith  i t s  assoc ia ted  memory), and the  com putation (a r ith m e t ic  and 

lo g ic )  p rocessor (32 , 37 ).

Th is  le d  to  an o v e ra ll machine b a s ic a l ly  composed o f  f iv e  

subsystems as shown in  F igure  2 .1 . Much o f  the  d e ta i l  o f  the  con­

s t i tu e n ts  o f  each subsystem is  reserved fo r  la te r  s e c tio n s  so as not 

to  obscure the  general p re se n ta tio n , o f  the  a rc h ite c tu re .

The f iv e  subsystems a re :

I . '  The Memory Cube (MG), which is  a p a ra lle le p ip e d  o f  

Memory p lanes (MP), each arranged as a tw o-d im ensiona l re c ­

ta n g u la r  g r id ,  w ith  one memory c e l l ,  a t  each c ro s s p o in t o f  the  

g r id .  The memory c e l ls  have a p a r t ic u la r  in te rc o n n e c tio n  

s t ru c tu re  w ith in  the  p la n e , p lu s  the  c a p a b i l i t y  o f  communicating 

w ith  any c e l l  in  ad jacen t p lanes a t  correspond ing  p o in ts .
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above o r  below. A lthough i t  is  apparent th a t  the  memory 

is  no t n e c e s s a r ily  c u b ic a l,  the  name is  used because o f  i t s  

suggestiveness.

2. A Computation Place (CP) which is  composed o f  a re c ­

ta n g u la r  a rra y  o f  computing c e l ls ,  each c e l l  being loca ted  

a t  the  c ro s s p o in ts  o f  a g r id  having the same dimensions

as the  MP g r id .  The com putation c e l ls  do no t have any 

in te rc o n n e c tio n s  between them, ( th e y  do have connections to  

th e  s u p e rv is o ry  machine and some spe c ia l processors which 

f a c i l i t a t e  the  in te r ro g a t io n  o f  the  CP c o n d it io n ) .  They 

re c e iv e  in p u ts  from , and pass t h e i r  ou tpu ts  t o ,  the  c e l l  

a t  co rrespond ing  g r id  p o in ts  in  the  MC o r the I/O  p lane .

A p r im it iv e  s e t o f  a r ith m e tic  and lo g ic  c a p a b i l i t ie s  fo r  

each c e l l  w i l l  be de fin e d  subsequen tly .

3. An In p u t/O u tp u t Plane (IOP) which in te r fa c e s  the  MC and 

the  CP to  tran sduce rs  and mass data s to rage . I t  is  a lso  

arranged as a g r id  o f  c e l ls  such th a t  when t ra n s fe r  to  o r 

from  MC o r CP is  to  be made, data  in  correspond ing  g r id  p o in t 

c e l ls  can be t ra n s fe r re d .  Several IOP designs w i l l  be con­

s ide red  which w i l l  re q u ire  ascending Orders o f  hardware 

co m p le x ity  commensurate w ith  the  speed and v e r s a t i l i t y  o f  

I/O  o p e ra tio n  d e s ire d .

4 . The Connection R e g is te r R ead-M ostly-S tore  (CR), which
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c o n s is ts  o f  one o r more planes o f  spec ia l s to rage  re g is te rs  

in  which are  s to re d  c o n tro l words th a t  c o n fig u re  re g is te r  

in te rc o n n e c tio n s  in  the  MG, and s e t o p e ra tio n  codes (OP 

codes) and c a n c e lla t io n  numbers (CM) ( to  be described  la t e r ) .

The d im e n s io n a lity  o f  c e l ls  in  th e  CR is  id e n t ic a l to  th a t  

o f  th e  MP, the  CP, and the  IOP. The re g is te rs  o f  the  CR 

p lane are  id e n t ic a l to  the  MRC re g is te rs  o f  th e  MC to  be 

described  in  S ection  2 .3 .1 .

5. A c o n tro l and s u p e rv iso ry  s e c tio n  composed o f  ( I )  c o n tro l 

lo g ic  assoc ia ted  w ith  the  preced ing  fo u r  system elements and 

(2) a s u p e rv is o ry  machine which com piles and s to re s  the program, 

executes non -a rray  in s t r u c t io n s ,  causes a p p ro p ria te  s ig n a ls  

to  be a p p lie d  to  th e  c o n tro l lo g ic  when a rra y  in s tru c t io n s  

are c a lle d  f o r ,  and handles p r io r i t y  in te r r u p ts .  The super­

v is o ry  machine s to re s  and executes severa l d ia g n o s tic  programs 

w ith  d i f f e r e n t  degrees o f  co m p le x ity  to  check f o r  fa u lts  

o f  d i f f e r e n t  c o m p le x ity . These d ia g n o s tic  ro u t in e s  perform  

tasks  rang ing  from  d iagnos ing  a fa u l t y  subsystem, a fa u l t y  

p lane o f  the  subsystem, a f a u l t y  c e l l ,  to  the  ta s k  o f  f in d in g  

a f a u l t y  r e g is te r  o r  even a f a u l t y  b i t .  A program to  s im u la te  

3-D machine o p e ra tio n  can be s to re d  in  secondary s to rage and 

executed a t  a ve ry  low performance ra te  on the  su p e rv iso ry  

machine when the  3-D machine is  down.
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F ig u re  2 .1  P hys ica l R e la t io n  o f  M a jo r 3-D Machine Subsystems.
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2 .2  T echno log ica l Assumptions

2 .2 .1  In te g ra te d  C ir c u its  Assumptions

A p rim a ry  problem in  research d e a lin g  w ith  c e l lu la r  lo g ic  

and a rra y s  is  th a t  o f  p ro p e r ly  understand ing  the  re le v a n t in te g ra te d  

c i r c u i t  (IC ) developm ents, and even more im p o rta n t, o f  c o r re c t ly  

a n t ic ip a t in g  fu tu re  developments in  IC techno logy. I t  is  a fa c t  

in  the  computer design f i e l d  as w e ll as in  many o th e rs , th a t  spe­

c ia l iz a t io n  o fte n  keeps the  computer a r c h ite c t  from  f u l l  knowledge 

o f  the  c u rre n t and a n t ic ip a te d  advances in  IC te ch n o lo g y ; co n ve rse ly , 

IC des igne rs  f re q u e n t ly  do no t have a complete understand ing  o f 

th e  c u rre n t developments and needs in  computer a r c h ite c tu re .  With 

th is  d is c la im e r  in  m ind, some assum ptions w i l l  be made concern ing 

the  p h ys ica l embodiment o f  the  3-D machine.

I t  seems reasonable  to  assume th a t  1000 to. 1500 gates per 

c h ip  o f  la rg e  sca le  in te g ra t io n  (LS I) lo g ic  w i l l  be a v a ila b le  in  

the  near fu tu re  (5 5 ). Th is  assumption w i l l  be necessary fo r  a l l  

c e l ls  whether they  be in  the  MG, the  CP, the  I0P, o r  the  CR. There­

fo r e ,  a lthough  n o t e s s e n tia l to  the  development o f  3-D machine 

hardware, we assume th a t  a one IC c h ip  per memory c e l l  correspondence 

ho lds .
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2 .2 .2  Non-Conductive In te rp la n e  T ra n s fe r

The 3-D machine can b e n e f it  s ig n i f ic a n t ly  from  a non-conductive  

data t ra n s fe r  between p lanes . Cost c o n s id e ra tio n s  re q u ire  the assump­

t io n  th a t  in te rp la n e  tra n s fe rs  w i l l  be accomplished s e r ia l - b y - b i t  

whereas in tra p la n e  t ra n s fe rs  w i l l  be p a r a l le l  by word in  the case 

o f  non -conductive  t ra n s fe r .  The problem o f  undesired in te ra c t io n  

between separa te  memory p lanes can be com p le te ly  e lim in a te d  by proper 

non -conductive  t ra n s fe r  schemes. A ls o , the  in te rp la n e  connection 

p ins  re q u ire d  by cond uc tive  t ra n s fe r  can be e lim in a te d , a step in  

the  r ig h t  d ire c t io n  when the  to ta l  p in -1  im ita t io n  problem is  con­

s id e re d . A s h o r t survey o f  non -conductive  techno logy appears as 

Appendix H. Several te c h n o lo g ic a l problems o f  non -conductive  tra n s ­

f e r  which m ight p rec lude  i t s  use in  the  3-D machine a re  tre a te d  

th e re . H e nce fo rth , in te rp la n e  t ra n s fe r  w i l l  be spoken o f  as though 

i t  were n o n -co n d u c tive , f u l l y  r e a l iz in g  th a t  a p p ro p ria te  technology 

may no t be fo rthcom in g  and a conductive  method may be necessary.

Th is  does no t d e tra c t  from  fu n c t io n a l aspects o f  the  machine; i t  o n ly  

changes s t ru c tu ra l aspec ts .

2 .3 .1  The Memory Cube

Memory cube s t ru c tu re  a llo w s  fu n c t io n a l c a p a b i l i t ie s  which are 

more e x te n s ive  than those no rm a lly  assoc ia ted  w ith  a conven tiona l 

memory s to re .  T r a d i t io n a l ly ,  memory has served a s in g le  fu n c tio n
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in  s e r ia l m achines, th a t  o f  s to rage and r e t r ie v a l  o f  d a ta . A new 

ro le  o f  memory began w ith  the  Ho lland (24) and SOLOMON (18) machines 

and extends th rough the  Cannon (9) and M ulder (32) machines and the 

ILLIAC IV (4 ) .  A l l  o f  these machines have computing e lem ents, each 

w ith  a r ith m e t ic  c a p a b i l i t y  and some memory, which are  in te rcon nec ted  

v ia  a programmable, re g u la r  in te rc o n n e c tio n  p a t te rn ,  u s u a lly  in  

some cha in  form . They are  no t s t r i c t l y  m em ory-to-processor in t e r ­

connections b u t ra th e r  a re  assoc ia ted  w ith  the  manner in  which data 

can be m anipu la ted w ith in  the  a rra y  p r io r  to  execu tion  o f  a r ith m e tic  

o r lo g ic  o p e ra tio n s . I t  is  p o s s ib le  in  any o f  these machines to  

perfo rm  memOry-to-memory tra n s fe rs  th rough the p rocess ing  elements 

and the reby  o b ta in  d e s ire d  data p a tte rn s .

Except f o r  ILLIAC IV , which is  o f  a s ize  and co m p le x ity  

g re a t ly  exceeding th e  proposed 3-D m achine, the d isadvantage here is  

th a t  when such machines are  used to  perfo rm  data m a n ip u la tio n s , 

th is  m a n ip u la tio n  p rec ludes the  use o f  the  a r ith m e tic  u n i t  to  perform  

s im ultaneous a r ith m e tic  o p e ra tio n s . Consequently, much o f  the 

power o f  such machines is  lo s t  to  the  c o n f l ic t in g  demands on resources. 

In  the  3-D machine th e  fu n c t io n  o f  more e x p l ic i t  data m an ipu la tion  

has been separated from  the  fu n c t io n  o f  a r ith m e tic  o r lo g ic  ope ra tion  

Or in p u t-o u tp u t ,  and has been concen tra ted  in  the  memory cube. Thus, 

the  memory cube is  a re p o s ito ry  o f  in fo rm a tio n  and a d d it io n a l ly ,

(and in  fa c t  a t  le a s t  as im p o r ta n t ly )  is  the  data m an ip u la tio n
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s tru c tu re  f o r  th e  m achine, p ro v id in g  g e o m e tr ic a lly  use fu l data 

t ra n s fe r  paths th a t  can be h ig h ly  e f fe c t iv e  in  p rea rra n g in g  data 

fo r  c e r ta in  types o f  a r ith m e tic  and lo g ic a l o p e ra tio n s . Data 

t ra n s fe r  in  the  3-D machine is  in n o v a t iv e , no t o n ly  in  the  fa c t  th a t  

the  data t ra n s fe r  mechanism is  a s t ru c tu re  independent o f  the com­

p u tin g  mechanism bu t a lso  in  the  fa c t  th a t  in  the  3-D machine tra n s ­

fe rs  may be made in  th re e  dim ensions. As an a d d it io n a l b e n e f i t ,  the 

3-D machine, has no edge connections f o r  data t r a n s fe r ,  a l l  t ra n s fe rs  

being made e i th e r  in te r n a l ly  v ia  cond uc tive  hardw ired paths o r from 

plane to  p lane v ia  non-conductive  t r a n s fe r .  In the sense o f  being 

a m u lt ip la n e  s tru c tu re  w ith  in te rp la n e  t ra n s fe r  between correspond ing 

c e l ls ,  i t  resembles the  Gonzales (17) m achine, but th e re  the  s im i­

l a r i t y  ends. The 3-D machine does n o t have i t s  fu n c t io n  spread over 

s t ru c tu re  to  the  e x te n t e x h ib ite d  by the  Gonzales machines.

S t r u c tu r a l ly ,  the  MC is  composed o f  a se t o f  memory p lanes , 

each plane having w ith in  i t  a se t o f  memory c e l ls  whose d im e n s io n a lity  

matches th a t  o f  the  CP, i . e .  f o r  a CR composed o f  i  rows and j  columns 

o f  c e l ls ,  the  MP's  are a lso  composed o f  i  rows and j  columns o f  c e l ls .  

Two data re g is te rs  a re  a v a ila b le  in  each c e l l  and are re fe r re d  to  

as MRl and MR2. Each data r e g is te r  is  a s in g le  le n g th  re g is te r  o f  

assumed 32 b i t  word le n g th . Each r e g is te r  has seven l in e s  which can 

be used as in p u t o r  o u tp u t (e x c lu s iv e  'OR' sense, i . e .  a l in e  w i l l  

c a r ry  e i th e r  an in p u t o r  an o u tp u t bu t never both s im u lta n e o u s ly ) ,
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p ro v id in g  t ra n s fe r  c a p a b i l i t ie s  w ith in  the  plane in  the  v e r t i c a l ,  

h o r iz o n ta l and m inor d iagona l d ir e c t io n s ,  p lus  p ro v is io n  fo r  t ra n s fe r  

between MRl and MR2 o f  the  same c e l l .  F igure  2 .2  shows a l l  the 

p o s s ib le  d ire c t io n s  o f  in tra p la n e  t ra n s fe r  fo r  MRl and MR2. A ga te - 

le v e l design o f  the  gates c o n t r o l l in g  the  conductive  t ra n s fe r  is  

presented in  S ection  2 .3 .4 .1 .

F igu re  2 .3  shows a 2x2 a rra y  o f  memory c e l ls ,  exc lud ing  

sto rage  r e g is te r s .  Two a d d it io n a l r e g is te rs  are shown and are la b e le d  

MRC and MRT. MRC is  a c o n tro l r e g is te r  and s to re s  in te rc o n n e c tio n  

p a t te rn s ,  op codes and c a n c e lla t io n  codes (CC) described  b r ie f ly  

he re in  and to  be described  in  more d e ta i l  in  S ections 2 .3 - 4 . I . MRT 

is  a word-w ide r e g is te r  which is  d i r e c t ly  connected to  a l l  re g is te rs  

in  the  c e l l  and serves as a tem porary s to rage fo r  in te rp la n e  tra n s ­

fe r s .  MRC is  a double le n g th  r e g is te r  (64 b i t s ) ,  w ith  42 b its  

reserved f o r  c e l l  c o n tro l gate s e t t in g s  which are a decoded form 

o f  the  in te rc o n n e c tio n  p a tte rn  o r  code. The in te rc o n n e c tio n  code 

(ICC) is  a 6 decimal d i g i t  code, 3 to  describe  the connections fo r  

MRl and 3 to  d esc rib e  the  same f o r  MR2.

S im i la r ly  the  42 b i ts  in  MRC which rep resen ts  a decoded ICC 

are d iv id e d  in to  21 b i t s  f o r  M R l's connections and 21 b i t s  fo r  MR2's 

conn ec tions . MRC co n ta in s  8 b i t s  o f  ALOC, 4 b i ts  fo r  the  CN o f the 

c e l l ,  4 b i t s , f o r  in te rp la n e  co n n e c tio n s , and the rem a in ing  6 b its  

are used f o r  code p a r i t y  checking as exp la ined  in  Chapter 5.
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F igure  2 .2  In te ra p la n e  t ra n s fe r  p o s s ib i l i t ie s  f o r  MRl and MR2.
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F igure  2 .3  A 2x2 Memory P lane.
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2 .3 .2  The Computation Plane (CR)

The com putation p lane is  a re c ta n g u la r  a rra y  o f  in d iv id u a l 

computing c e l ls ,  each c e l l  o f  which has id e n t ic a l in s t r u c t io n  execu tion  

c a p a b i l i t ie s .  A p re lim in a ry  in tro d u c t io n  se t in c lu d in g  f lo a t in g  p o in t 

and in te g e r  a r ith m e tic  and v a rio u s  lo g ic a l op e ra tio n s  has been 

d e fin e d  and presented in  ta b le  2 .1 . The o p e ra tio n  code f i e l d  a llow s 

f o r  fu tu re  expansion to  256 o p e ra tio n  codes. Data can be tra n s fe r re d  

to  and from  the  CP by the  non -conductive  mechanism to  o r  from  the MC 

o r the  IOP o n ly . There is  no p ro v is io n  fo r  in te r c e l l  data tra n s fe r  

in  the  CP nor is  th e re  any p ro v is io n  f o r  data connection  o f  the CP 

to  the  o u ts id e  w o rld . T h is  does no t exclude the  connection  o f  data 

in  the  CP to  some s p e c ia l processors such as the SORTING processor 

to  be described  la t e r .  In  a d d it io n  program s ta tu s  data  r e la t in g  

to  the  c o n d it io n  o f  the  data is  connected d i r e c t ly  (ha rdw ire d ) to  the 

su p e rv is o ry  machine th rough a 32-word b lock  which is  a p a r t  o f  a h ig h ­

speed s c ra tc h  pad memory in  the  s u p e rv is o ry  c o n tro l system. These 

32 words are  organ ized as 256 c o n d it io n  code s ta tu s  words. Each 

s ta tu s  word corresponds to  the  s ta tu s  o f  one o f  the  256 CP c e l ls .

The s ta tu s  word fo r  one c e l l  is  a 4 - b i t  word which a llo w s  any one o f  

16 s ta te s  o f  data in  the  CP to  be recogn ized and worked on. These 

s ta te s  (as in  most CPU's o f  conven tiona l machines) in d ic a te  o v e rflo w , 

u n d e rflo w , p o s i t iv e ,  n e g a tiv e , z e ro , e tc .  con ten ts  o f  the  CPA 

r e g is te r  o f  th e  ce l I .
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Table 2.1 A r ith m e t ic  Log ic  O peration Codes.

OP Code Meaning Hex E qu iva len t

NOP No o p e ra tio n oo

ADD In te g e r a d d it io n 01

SUB In te g e r s u b tra c tio n 02

MPY In te g e r m u lt ip l ic a t io n 03

DIV In te g e r d iv is io n 04

FAD F lo a tin g  p o in t a d d it io n 05

FSB F lo a tin g  p o in t  s u b tra c tio n 06

FMY F lo a tin g  p o in t  m u lt ip l ic a t io n 07

FDV F lo a tin g  p o in t d iv is io n 08 .

SLI S h i f t  l e f t  one b i t 09

SRI S h if t  r ig h t  one b i t OA

AND Log ica l and OB

I—
I

O 73 In c lu s iv e  o r OC

XOR E xc lus ive  o r OD

NOT Complement ( I ' s  complement) OE

CPM 2 1s compIement OF
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The CP, c e l ls  a re  no t r e s t r ic te d  to  execu tion  o f  the  same 

o p e ra tio n  s im u lta n e o u s ly , bu t a re  a llow ed p a r t ia l l y  autonomous 

o p e ra tio n . E x a c tly  how much autonomy should be given to  the  CR 

is  a m a tte r f o r  fu tu re  d e c is io n , to  be determ ined a f te r  the  3-D 

machine s im u la to r  is  used s u f f i c ie n t l y  to  in d ic a te  the  c o s t-p e r ­

formance t ra d e o f fs .  A p p a re n tly  the  most c o s t ly  s itu a t io n  is  the  one 

in  which each c e l l  is  capable o f  pe rfo rm in g  a com p le te ly  autonomous 

o p e ra tio n  r e la t iv e  to  a l l  the  o th e r c e l ls .  Zoned o p e ra tio n s  are 

recommended as an in te r im  s o lu t io n  in  which case the  CR plane is  

subd iv ided  in to  sub-p lanes w ith  each sub-p lane doing a d i f f e r e n t  

o p e ra tio n . A Com plete ly autonomous CR is  a spec ia l case o f  a 

zoned CR in  which each zone c o n s is ts  o f  a s in g le  c e l l .  Th is  autonomy 

is  generated by sending the  OP code to  each CR c e l l  (o r  zone o f 

c e l ls )  decoder from  the  co rrespond ing  MRC.

G e n e ra lly  a com plete t ra n s fe r  to  th e  CR im p lie s  a tra n s fe r  

o f  two operands and an OP code f o r  each c e l l .  Thus some c e l ls  can 

perfo rm  a d d it io n ,  some can perform  m u lt ip l ic a t io n  and o th e rs  can 

perfo rm  d iv is io n ,  s im u lta n e o u s ly . A lthough operands can be tra n s ­

fe r re d  from  e i th e r  th e  MC o r the  IOP to  the  CR, no o p e ra tio n  can 

be in i t ia t e d  u n t i l  an OP code is  rece ive d  from  one o f  the  MRC 

re g is te r s .  Th is  re q u ire s  th a t  a t ra n s fe r  from  the  IOP be fo llow e d  

by a t ra n s fe r  from  the  MC in  which operand t ra n s fe r  in  in h ib ite d  

(by a p p ro p ria te  c a n c e lla t io n  codes to  be d iscussed in  Chapter 3)
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and o n ly  the  o p e ra tio n  code is  t ra n s fe r re d .

A programming o p tio n  a llo w s  ganged o pe ra tion  o f  the  CP so 

th a t  a l l  com putation c e l ls  w i l l  execute a s in g le  o p e ra tio n  s im u l­

ta n e o u s ly , w ith  the  p o s s ib i l i t y  th a t  s p e c if ie d  c e l ls  may be in h ib ite d .  

When such an o p tio n  is  in i t ia t e d  the  s in g le  o p e ra tio n  code does, 

no t come from  MRC bu t in s te a d  comes from  the  su p e rv is o ry  machine, 

s ince  the  s in g le  o p e ra tio n  code is  a l l  th a t  is  necessary.

In  a d d it io n  to  the  richne ss  a llow ed by the  autonomous opera- 

a t io n ,  the  com putation p lane has a l l  th e  c a p a b i l i t ie s  o f  ganged 

o p e ra tio n s  to  be found in  such o rg a n iz a tio n s  as the  ILLIAC IV o r 

the  PEPE machine.

S t r u c tu r a l ly ,  a r ith m e tic  o rg a n iz a tio n  o f  each c e l l  c a l ls  fo r  

a 3 2 -b it  p a r a l le l a r ith m e tic  u n i t  c o n tro lle d  by a microprogrammed 

a r ith m e t ic / lo g ic  p rocesso r. The a r i th m e t ic / lo g ic  p rocessor co n s is ts  

m a in ly  o f  an o p e ra tio n  decoder, a p rocessor c o n t r o l le r ,  and a m ic ro ­

program sto rage  re a d -m o s tly  memory. F igu re  2 .4  shows the  general 

o rg a n iz a t io n  o f  th e  a r ith m e tic  u n i t  o f  one zoned c e l ls  o f  the CP, 

one notes th a t  i t  is  no t necessary to  have a microprogrammed a r i t h ­

m e t ic / lo g ic  p rocessor f o r  each c e l l  o f  the  CP. The a r ith m e tic  u n it  

o f  one c e l l  o f  the  CP re q u ire s  th re e  w o rd -leng th  r e g is te rs  (a word 

is  o f  32 b i t  le n g th ) ,  CPA, CPQ, and CPB. An e ig h t word temporary 

sto rage  s t ru c tu re  is  a lso  assoc ia ted  w ith  the CPA r e g is te r .  This is  

f o r  in te rm e d ia te  re s u lts  th a t  a re  most e f f i c ie n t l y  kept im m ediate ly
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Figure 2.4 A r ith m e tic  Un it o f  One Zone/Cell o f  CP.



55

a c c e s s ib le  to  th e  a r ith m e t ic  re g is te rs  ra th e r  than re q u ir in g  

t ra n s fe r  back to  the  MG. I t  has 3 id e n t i f ie r  b i ts  appended to  the 

data b i t s  which can be used in  the  m ultiprogram m ing mode to  id e n t i f y  

the  jo b  w ith  which the  word is  a s s o c ia te d ; th is  a c tu a l ly  means th a t  

the  CPA r e g is te r  is  a 35 b i t  r e g is te r  in s te a d  o f  being 32 b i t  l ik e  

the  o th e r re g is te rs  o f  th e  CP. Thus th e  CPA memory s to re  is  a c tu a l ly  

a l i s t ,  bu t appears as a push-up pu ll-dow n  s tack in s o fa r  as a s in g le  

jo b  is  concerned.

CPB is  e q u iv a le n t to  MRT (memory in te rp la n e  t ra n s fe r  r e g is te r )  

and is  equipped to  t ra n s fe r  data n o n -c o n d u c tiv e ly . By being d i r e c t ly  

connected to  CPA and CPQ, CPB can t ra n s fe r  data to  CPA and CPQ o r 

re c e iv e  data from  CPA and CPQ. CPQ is  connected to  CPA to  form  a 

double le n g th  r e g is te r .

To add two numbers, the  augend is  loaded th rough CPB in to  

CPA, then the  addend is  loaded in to  CPB. P a ra lle l add c i r c u i t s  

(no t shown) re p la ce  the  augend w ith  the  sum, which can be s to red  in  

the l i s t  o r  t ra n s fe r re d  through CPB in to  MG. S u b tra c tio n  is  s im ila r .  

For m u lt ip l ic a t io n  and d iv is io n  repeated a d d it io n  and s u b tra c tio n  

d ire c te d  by the  microprogrammed a r i th m e t ic / lo g ic  p rocessor is  used 

to g e th e r w ith  a tw o-w ord-w ide s h i f t  in  th e  combined CPA and CPQ 

r e g is te r .  The d e ta i ls  o f  the  CP m icroprocessor is  beyond the scopes 

o f  t h is  th e s is .  A good example o f  a microprogrammed processor which 

cou ld  serve th e  purpose f o r  the  3-D machine is  the  H ew le tt Packard
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2100 m icrop rocessor (5 7 ).

2 .3 .3  In p u t-O u tp u t-P la n e  (IOP)

In g e n e ra l, I/O  o p e ra tio n s  are  r e la t iv e ly  tim e consuming in  

any machine. In  a p a r a l le l machine they  c o n s t itu te  a sp e c ia l b o t t le  

neck f o r  the  des igne r who must in te r fa c e  such a machine to  s e r ia l ly  

o r ie n te d  p e r ip h e ra ls .

In th e  3-D m achine, the  CP and MC are d ivo rced  from  the  IOP, 

which improves the  th ro ughp u t in h e re n t ly  in  a manner analogous to  

the  in c lu s io n  o f  d i r e c t  memory access in  a general purpose machine. 

However, g re a t ly  increased th roughpu t w i l l  be p o s s ib le  o n ly  i f  the 

IOP is  ex tre m e ly  f a s t .  An 1/0 o p e ra tio n  f o r  a 16 x 16 a rra y  o f 

words re q u ire s  2.56 y s , based on 100 MHz c lo c k  r a te . T h is  means a 

th roughpu t ga in  o f  2:1 is  achieved over an e q u iv a le n t data  t ra n s fe r  

in  the  M ulder m achine, by d iv o rc in g  the  IOP from  the  CP as in  the 

3-D machine. The comparison does no t stop here s ince  we can speed 

the  1/0 o p e ra tio n  by us ing  o th e r e la b o ra te  designs to  be discussed 

in  the  nex t s e c t io n . For example, one design having an IOP 16 tim es 

fa s te r  than th e  one to  be d iscussed below achieves a th roughpu t 

improvement o f  17:1 over the  M ulder machine.

The IOP s t ru c tu re  to  be d iscussed is  a p ip e lin e d  s t ru c tu re ,  

which is  ve ry  d e s ira b le .  Once s ta r te d ,  th e  I/O  o p e ra tio n  w i l l  

co n tin u e  u n t i l  a l l  c e l ls  s p e c if ie d  have rece ived  t h e i r  in p u t .
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The p a r t ic u la r  p ip e lin e d  a c t io n  o f  the  IOP used is  achieved 

through two 100 MHZ, 1 6 -b it  s h i f t  r e g is te r s :  the  v e r t ic a l - c o n t r o l -

s h i f t - r e g is t e r  (VCSR) and the  h o r iz o n ta l- c o n t r o l- s h i f t - r e g is te r  

(HCSR), as shown in  F igu re  2 .5 . The ra te  o f  the VCSR is  made equal 

to  th e  ra te  o f  the  HCSR d iv id e d  by the  number o f  columns to  rece ive  

in p u t .  T h is  is  achieved by passing the  c lo c k  s ig n a l f o r  t h is  s h i f t  

r e g is te r  through a d i v id e -b y -th e -n u m b e r-o f-c o lumns c i r c u i t .  VCSR 

and HCSR c o n ta in  c o n tro l b i t s ,  never da ta . F igure 2 .6  shows the 

c lo c k  s ig n a ls  o f  VCSR. In  F igure  2 .6  Ki rep resen ts  the  c lo c k  s igna l 

f o r  p rocess ing  i  colum ns, and i  = I ,  2 , 4 ,  8 , 16.

The IOP is  an a rra y  o f  c e l ls  o f  the  same dimension as the 

MP in  which each c e l l  has one s to rage  re g is te r  and a t ra n s fe r  reg ­

is t e r .  Each row is  connected to  a s in g le  b id ir e c t io n a l bus through

gates s e t by the  HCSR. A s in g le  v e r t ic a l  b id ir e c t io n a l bus is

connected to  the  h o r iz o n ta l bus th rough gates se t by the  VCSR. The 

v e r t ic a l  bus is  connected to  two hardware s ta c k s , the  in p u t -b u f fe r -  

s tack  ( IB S ), and th e  o u tp u t-b u f fe r -s ta c k  (OBS), th rough an in p u t-  

o u tp u t - b u f fe r - re g is te r  (IO BR).

An in p u t o p e ra tio n  is  as fo llo w s :

1. The VCSR re ce ive s  two b in a ry  numbers; one is  the  index o f

' the  f i r s t  row o f  the a rra y  to  rece ive  in p u t ,  and the o th e r

is  the  index o f  the  la s t  row to  re ce ive  in p u t .

2. The HCSR rece ive s  ano the r two b in a ry  coded number; one is
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the  index o f  the  f i r s t  column o f  the a rra y  to  re ce ive  in ­

p u t, and the  o th e r is  the  index o f  the  la s t  column to  re ­

ce ive  in p u t .  A l l  in te rm e d ia te  columns between the f i r s t  

and la s t  one are  loaded.

3. The VCSR and HCSR se t gates such th a t  the  IOBR is  sequen­

t i a l l y  connected to  the  proper re g is te rs  and words are 

loaded in  b i t  p a r a l le l form  in to  the IOP r e g is te r s .  I t  

is  to  be n o tice d  th a t  VCSR c loses  the  gate f o r  the  f i r s t  

row to  re c e iv e  in p u t w h ile  the  HCSR c loses  the  gates fo r  

a l l  columns s p e c if ie d ,  s ta r t in g  from the f i r s t  column to  

re c e iv e  in p u t .  A s ig n a l to  c lo se  the gate f o r  the next 

row is  issued as soon as the  la s t  column o f  the  previous 

row has rece ive d  in p u t .  The t im in g  o f  the  c lo c k  on VCSR 

is  v a r ia b le  accord ing  to  the  number o f  columns to  re ce ive  

in p u t as in d ic a te d  in  F igu re  2 .6 . Some rows/columns may 

be in h ib ite d  from  re c e iv in g  in p u t due to  f a u l t y  c e l ls  in  

these rows/colum ns. Th is  fu n c t io n  is  tra n s p a re n t to  the 

user as described  in  Chapter 5 on F a u lt-T o le ra n t Computing.

4. When f i l l e d ,  the  IOP does a non-conductive  t ra n s fe r  to  the 

MG, the  CR, o r  the  CP as d ire c te d .

An o u tp u t o p e ra tio n  is  the  in ve rse  o f  an in p u t o p e ra tio n  and is  

summarized as fo llo w s :

I .  A data t ra n s fe r  takes p lace  from  the d e s ire d  plane to  be
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o u tp u tte d  to  the  IOP through execu tion  o f  a non-conductive  

t ra n s fe r  in s t r u c t io n .

2. The VCSR re ce ive s  two b in a ry  numbers; the  index o f  the 

f i r s t  row o f  the  a rra y  to  be o u tp u tte d , and the  index o f  

la s t  row to  be o u tp u tte d .

3. The HCSR re ce ive s  ano the r two b in a ry  numbers; the  index o f  

the  f i r s t  column to  be o u tp u tte d , and the  index o f  the la s t  

column to  be o u tp u tte d .

4. The VCSR and HCSR are sequenced as exp la ined  f o r  an in p u t 

o p e ra tio n  such th a t  data is  pumped ou t o f  th e  IOP re g is te rs  

to  the  OBS by row th rough the  IOBR. As in  the  in p u t opera­

t io n s ,  the  o u tp u t from  some rows/columns may be in h ib ite d  

due to  f a u l t y  c e l ls .

5. When done the  IOP s ig n a ls  back to  the  su p e rv is o ry  machine 

to  s t a r t  execu ting  a new in s t r u c t io n .

6. E x te rna l dev ice  in i t ia t e d  data t ra n s fe r  in te r ru p ts  are 

assumed to  be sent d i r e c t ly  to  the s u p e rv is o ry  machine 

f o r  p r io r i t y  execu tion  que ing .

2 .3 .4  C on tro l U n it  and S upe rv iso ry  Machine

. C on tro l in  the  3-D machine f a l l s  in to  two genera l c a te g o r ie s :

1. C on tro l w ith in  c e l ls  ( lo c a l c o n t r o l) .

2. C on tro l by su p e rv is o ry  machine and a ttached  e x te rn a l hard-
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ware (genera l o r  g lo b a l c o n t r o l) .  F igure  2 .7  is  a f lo w  

diagram  o f  v a rio u s  c o n tro l a c tio n s  and modules o f  the 

3-D machines.

As can be seen from  F igure  2 .7 ,  c o n tro l is  w id e ly  spread th ro ugh ­

ou t the  s tru c tu re  o f  the  3-D machine. Connection p a tte rn  encoding 

d u r in g  the  c o m p ila tio n  phase can be considered as p a r t  o f  the c o n t ro l.  

These encoded c o n tro l words are loaded in  the  MRC re g is te rs  o f  the  MO. 

They go through an a c t iv a t io n  process e i th e r  in  the  MC to  se t the 

connection  g a te s , a n d /o r in  the  CP to  choose the a p p ro p ria te  ALOC's.

Another c o n tro l fe a tu re  o f  the  machine is  the  X, Y, and Z de­

coders w h ich .fo rm  a com plete address mapping o f  the  3-D machine; th is  

is  f u l l y  described  in  S ection  2 .3 .4 .2 .  In  a m ultiprogram m ing e n v iro n ­

ment, severa l decoders o f  each type a re  e nv is io ned . T h is  re p l ic a t io n  

f a c i l i t a t e s  in te rm ix in g  the  in s t r u c t io n  streams o f  severa l problems 

w ith o u t th e  need o f  re lo a d in g  a s in g le  s e t o f  X, Y, and Z decoders 

when s w itc h in g  c o n tro l from  one program to  ano the r. T h is  fe a tu re  

pe rm its  one p a r t  o f  a plane to  work on one program w h ile  non-over­

la p p in g  p a r ts  o f  the  p lane are do ing something e ls e . A ls o , a MC plane 

can be execu ting  a cond uc tive  t ra n s fe r  w h ile  ano the r p lane is  per­

fo rm ing  a d i r e c t - in - c e l l  t r a n s fe r ,  e tc .

Computation p lane c o n tro l w ith in  the  CR u n it  is  more invo lved  

than th e  c o n tro l f o r  the  re s t  o f  the  machine w ith  the  p o s s ib le  excep­

t io n  o f  the  IOP. T h is  c o n tro l no t o n ly  assures a p rope r sequence o f
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CP execu tion  bu t a ls o  changes the  in s t r u c t io n  stream o rd e r ,  (e .g . 

when a branch c o n d it io n  is  encountered by the  c o n t r o l,  the  CR c o n tro l 

examines th e  c o n d it io n  codes o f  a l l  c e l ls  in s id e  th e  s p e c if ie d  boun­

d a r ie s  and s ig n a ls  back to  the  s u p e rv is o ry  machine to  e i th e r  execute 

the  branch in s t r u c t io n  o r  f a l l  th rough to  the  next in s t r u c t io n  in  

sequence). The CR c o n tro l a lso  i n i t i a l i z e s  and te rm in a te s  the exec­

u t io n  o f  in s t r u c t io n  streams to  be executed in  the  CR assoc ia ted  

■processors which in c lu d e  the  microprogrammed a r i th m e t ic / lo g ic  

p ro ce sso r, the  search f o r  maximum o r minimum processor (whose fu n c t io n  

is  described  in  S ec tion  4 .5 ) ,  and any o th e r spec ia l ta s k  processor 

to  be appended to  the  CR accord ing  to  the  des ired  type  o f  a p p lic a t io n  

a lg o r ith m  to  be op tim ize d  on the  machine.

The IOP has i t s  own c o n tro l w ith  a co m p le x ity  which can be 

v a r ie d  to  ach ieve a wide range o f  I/O  speed. A s in g le  IBS, s in g le  OBS 

rep resen ts  the  s im p le s t 1.0 s t ru c tu re  w ith  an I/O  speed equal to  th a t  

o f  an e q u iv a le n t s e r ia l machine w h ile  an IOP w ith  m u lt i p led  in p u t 

s ta c k s , a n d .m u lt ip le  o u tp u t s tacks can achieve a h ig h e r I/O  ra te .

F igu re  2 .8  shows the  c o n tro l and su p e rv iso ry  s t ru c tu re  o f  the  

3-D machine. I t  is  s im p l i f ie d  to  g iv e  a general idea o f  the m achine 's, 

o p e ra tio n .

. 2 .3 .4 . I . Memory C e ll C on tro l

Memory c e l l  c o n tro l is  con ta ined  in  the  c e l l  c o n tro l word (MRC).
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MRC is  a double-w ord r e g is te r  (64 b i t s )  which co n ta in s  coded in fo r ­

m ation abou t:

1. The gate s e t t in g s  f o r  in tra p la n e  t ra n s fe r  connections 

(42 b i t s ) .

2. The ALOC (8 b i t s ) .

3. In te rp la n e  t ra n s fe r  address (4 b i t s ) .

4. The c a n c e lla t io n  number o f  the  c e l l  (4 b i t s ) .

The c a n c e lla t io n  number w i l l  be described  in  S ec tion  3 .2 .2 . A 

to ta l  o f  58 b i t s  o f  the  MRC r e g is te r  are used, the  rem a in ing  6 b i ts  

are used fo r  p a r i t y  checking o r f o r  fu tu re  c o n tro l expansion as 

con tinued  development may d ic ta te .

The in tra p la n e  connections o f  th e  c e l ls  are designed in  such a 

way as to  p e rm it data to  be s to red  in  the  re g is te r  a n d /o r bussed 

th rough n o n -d e s tru c t iv e ly .  F igure  2 .9  shows the  h o r iz o n ta l, v e r t ic a l ,  

m in o r-d ia g o n a l, and in t e r - c e l l  connections o f  r e g is te r  MRl. In t r a ­

plane connections f o r  MR2 are s im ila r .

Gates , G^, and G  ̂ are b id ir e c t io n a l and fu n c t io n  to  pe rm it 

data to  be bussed th rough w ith o u t e n te r in g  the c e l l .  The o th e r gates 

in  F igure  2 .9  are  u n id i r e c t io n a l ; th e re  is  a G1̂s and G1-^ where G^s is  

c losed  when the  c e l l  is  a c t in g  as a source o f data in  d ire c t io n  i , w h ile  

G.^ is  c losed  when the  c e l l  is  a c t in g  as a d e s t in a t io n  fo r  data coming 

from  d ir e c t io n  i .  These two fu n c t io n s  are m u tu a lly  e x c lu s iv e  f o r  a 

g iven i .



connections o f  MRl.



68

Since in fo rm a tio n  is  a llow ed to  change d ire c t io n  d u rin g  t ra n s fe r  

(e . g . ,  from  a h o r iz o n ta l bus to  a v e r t ic a l  bus), and because t ra n s fe r  

in  any g iven p lane o f  the  3-D machine is  a one-shot o p e ra tio n  (th e re  

is  no tem porary s to rage  d u rin g  a data  t r a n s fe r ) ,  connections between 

the  d i f f e r e n t  busses are  e s s e n t ia l.  Four bus-to -bus connections are 

p rov ided  which add fo u r  a d d it io n a l b id ir e c t io n a l gates G ^ ,  G ^ ,  G ^ ,  

and G-j^. F igu re  2 .10 shows the  bus-to -bus  connections o f  the  same c e l l  

A com plete d e s c r ip t io n  o f  v a l id  connection  p a tte rn s  w ith o u t 

c o n f l ic t s  in  data  paths is  presented in  S ection  3 .2 .1 .  Appendix A 

ta b u la te s  the  connection  p a tte rn s  and the  correspond ing  gates to  be 

c lo se d . The r e s u lts  o f  a p p ly in g  the  Q uine-M cC luskly a lg o r ith m  (30) 

on the  com bina tiona l fu n c t io n s  o f  the  gates are l is te d  in  Appendix B.

A sp e c ia l lo g ic  u n i t  c a lle d  the  C a n c e lla tio n  Log ic is  in c luded  

as p a r t  o f  each memory c e l l  c o n t ro l.  F igu re  2,11 shows the  Can­

c e l la t io n  Log ic f o r  one c e l l .  Th is u n i t  e i th e r  enables o r  in h ib i t s  

o p e ra tio n  in  any g iven c e l l  in  accord w ith  a c a n c e lla t io n  a lg o r ith m .

A com plete e x p o s it io n  o f  the  a lg o r ith m  appears in  S ec tion  3 .2 .2 .

The c a n c e lla t io n  number (CN) o f  a c e l l  is  s to re d  in  the  MRC 

r e g is te r  o f  th a t  c e l l  as a 4 b i t  b in a ry  coded number re p re s e n tin g  

the  se t [ I , 2 ,4 ,9 ] .  A t execu tion  tim e a comparison network (the  

C a n c e lla t io n  Log ic ) compares the  CN w ith  an e x te rn a lly  supp lied  

number CCi = .1 ,2 ,3  which is  in  the  range 0 through 15. I f  CCi covers 

CN ( i . e . ,  CN is  one o f  th e  b in a ry  prim e sum c o n s titu e n ts  o f
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CCi) ,  an in h ib i t  s ig n a l is  sent to  the  r e g is te r  fo r  which th is  

m atching occu rs . F igu re  2.11 shows th e  C a n c e lla tio n  Log ic fo r  one 

c e l l .

2 .3 .4 .2  The X, Y, and Z Decoders C ontro l

As mentioned p re v io u s ly  an address mapping is  perform ed by 

the  X5 Y5 and Z decoders every tim e a 3-D in s t r u c t io n  is  executed.

Consider a ty p ic a l 3-D in s t r u c t io n ,  e .g .

(0 2 :0 5 ;0 3 :0 7 ) TRAN(OO5OO) MR (03) MR (05)

The X-decoder w i l l  decode 02 as IR (the  index o f  the  f i r s t  

row o f  the  a r r a y ) , and 05 as JR (th e  index o f  the la s t  row o f  the 

a r ra y ) .  The Y-decoder w i l l  decode 03 as IC (the  index o f  the f i r s t  

column o f  th e  a r r a y ) , and 07 as JC (th e  index o f  the  la s t  column o f 

the  a r r a y ) . The Z-decoder w i l l  decode 03 as I I  ( the  source p la n e ) , 

and 05 as JJ (th e  d e s t in a t io n  p la n e ) .

The X and Y decoders are w ire  (o r  n o n -c o n d u c tiv e ly ) connected 

to  a l l  p lanes o f  the  3-D m achine; t h e i r  fu n c t io n  is  to  p a r t ia l l y  

enable a l l  c e l ls  in s id e  the  a rra y  boundaries in  a l l  p lanes o f  the 

3-D machine. A com plete enab ling  o f  these c e l ls  is  achieved by the 

Z-decoder and the  re s t  o f  the  3-D in s t r u c t io n , (th e  TRAN in s tru c t io n  

in  th is  exam ple).

In th e  p rev ious  example a l l  c e l ls  o f  rows 2 to  5 and columns 

3 to  7 are p a r t ia l l y  enabled to  re c e iv e  o r send in fo rm a tio n . The
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INHIBITCN*2

MR2INHIBIT

CN=4 INHIBIT

Figure 2.11 C ance lla tion  Logic.
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Z-decoder to g e th e r w ith  the  3-D in s t r u c t io n  TRAN causes non-conductive  

t ra n s fe r  from  memory p lane 3 to  memory p lane 5 which com pletes the 

in s t r u c t io n  e x e cu tio n .

In  a m ultip rogram m ing environm ent more than one o f  each decoder 

type  may be o p e ra tin g  s im u lta n e o u s ly . A program id e n t i f ic a t io n  

address is  appended to  the  s e t o f  X, Y, and Z decoders to  d is t in g u is h  

d i f f e r e n t  programs in  the  m ultiprogram m ing environm ent.

In a f a u l t - t o le r a n t  o p e ra tin g  environm ent such as is  discussed 

in  Chapter 5 , the  X9 Y9 and Z decoders must be ab le  to  s to re  the 

addresses o f  f a u l t y  row s/co lum ns/p lanes o f  the  MG. Th is  in fo rm a tio n  

is  used to  is o la te  the  f a u l t y  row s/co lum ns/p lanes as described  in  

S ec tion  2 .3 .4 .4  on IOP c o n t r o l.  The users program resource  demands 

can thus be met w ith o u t any p rev ious  knowledge o f f a u l t y  c e l ls .  The 

machine is  re c o n fig u re d  such as to  avo id  us ing  c e l ls  in  e r r o r ,  but 

the  user does no t have to  know th a t  the  a c tu a l a rra y  assigned to  th is  

problem is  a sc a tte re d  se t o f  c e l ls  p h y s ic a l ly .

2 .3 .4 .3  M isce llaneous Counters and R e g is te rs

As shown in  F igu re  2 .9 , f o r  p rope r o p e ra tion  o f  the  machine 

an In s t r u c t io n  R e g is te r9 a Response R e g is te r9 and an In s tru c t io n  

Counter are re q u ire d  to  run a s in g le  stream  o f  in s t r u c t io n s .  The 

In s tru c t io n  R e g is te r and In s tru c t io n  Counter are ty p ic a l o f  those 

found in  any conve n tiona l machine. As f o r  o th e r c o n tro l r e g is te r s ,
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i t  may prove necessary to  have a se t o f  each to  handle the  m u lt i ­

programming s i tu a t io n .  The Response R e g is te r o r se t o f  R eg is te rs  

is  needed because o f  the  asynchronous na tu re  o f  the  machine. The / 

Response R e g is te r re ce ive s  the  end o f  in s t r u c t io n  execu tion  s igna l 

from  the  3-D machine and increm ents the  in s t r u c t io n  coun te r 

a c c o rd in g ly .

2 .3 .4 .4  IOP C on tro l

The main c o n tro l fe a tu re s  o f  the  IOP are the  HCSR and the VCSR; 

these s h i f t  re g is te rs  do no t c a r ry  da ta . When an I/O  o p e ra tio n  is  

ta k in g  p la c e , the  X-decoder is  connected to  the VCSR and supp lies  

i t  w ith  IR and JR (th e  index o f  the  f i r s t  and la s t  row to  perform  

I/O  o p e ra t io n s ) , and the  addresses o f  a l l  n o n fu n c tio n a l rows due. to  

m a lfu n c tio n in g  c e l ls .  The Y-decoder is  connected to  HCSR and supp lies  

i t  w ith  IC and JC (th e  index o f  the  f i r s t  and la s t  column to  perform  

I/O  o p e ra t io n s ) , and the  addresses o f  a l l  n o n fu n c tio n a l columns due 

to  m a lfu n c tio n in g  c e l ls .  The VCSR-clock-decoder d r iv e s  VCSR w ith  a 

c lo c k  s ig n a l which is  equal to  the  HCSR c lo ck  d iv id e d  by the  number 

o f  columns to  re c e iv e  in p u t .

F igure  2.12 shows the  sequence o f  VCSR s ig n a ls  f o r  an a rra y  o f 

rows IR to  JR. The bus in te rs e c t io n s  w ith o u t a dash are  in d ic a t iv e  

o f  th e  f a c t  th a t  gate VCSR(I) o f  th a t  in te rs e c t io n  is  open. The gates 

(VCSR(IR), VCSR(IR+1), . . . ,  VCSR(JR)) a re  c losed in  sequence w ith  a
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Figure 2.12 Sequence o f  VCSR Signals.
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c lo c k  s ig n a l c lockn  (KN), where KN has a pe riod  n tim es the  period  

o f  th e  HCSR c lo c k  s ig n a l,  and n is  the  number o f  columns to  rece ive  

in p u t .

The a c t io n  o f  the  HCSR is  described  in  a s im ila r  fa s h io n , see 

F igure  2 .13 .

The VCSR is  a re g u la r  s e r ia l - in p u t ,  p a r a l le l-o u tp u t  s h i f t  

r e g is te r  which has been m o d ifie d  to  re c e iv e  the  address o f  a fa u l t y  

row and in h ib i t  the  s ig n a ls  which a c t iv a te  the gate to  the  h o r iz o n ta l 

bus le a d in g  to  th a t  row. These e x tra  in p u ts  are used to  achieve 

a f a u l t - t o le r a n t  in p u t /o u tp u t  o p e ra tio n . Two in p u ts  are connected 

to  VCSR th rough a s e le c t io n  m a tr ix .  IR is  connected to  the  row 

se le c te d  as the  f i r s t  row to  re ce ive  in p u t .  This s in g le  in p u t appears

every c lo c k  c y c le  on a successive o u tp u t IR , IR+1........... e tc .  JR" which

is  equal to  JR+ (th e  number o f  f a u l t y  rows to  be e x c lu d e d ), is  connected 

th rough ano the r s e le c t io n  m a tr ix  to  th e  row next to  th e  la s t  row to  

re c e iv e  in p u t .  JR" is  connected to  i n h ib i t  the  o u tp u t o f  a l l  rows o f  

the  VCSR nex t to  th e  la s t  row s e le c te d . Th is  way we in s u re  th a t  the 

gates le a d in g  to  the  busses fee d in g  these rows w i l l  be perm anently 

open. F igure  2.14 is  a schematic o f  a ty p ic a l VCSR/HCSR s h i f t  r e g is te r  

connections !

The HCSR is  s im ila r  to  VCSR except f o r  the c lo c k  s ig n a l as 

described  b e fo re .
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FOR ROW I < M

CELL CELL

DATA BUSS 
FOR ROW 2
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16,1
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Figure 2.13 Sequence o f  HCSR S igna ls , showing column IC only having a value o f I .
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ADDRESSES OF 
FAULTY ROWS 
OR COLUMNS.

FIRST ROW

OR COLUMN V
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M A T R I X S

R

n  rV  I

H
LA S T ROW

C
OR COLUMN

S
S E LE C TIO N R
M A T R I X

Figure 2.14 Schematic Diagram o f a Typical VCSR o r HCSR Connection.



78

A lo g ic  gate diagram o f  a ty p ic a l VCSR/HCSR is  shown in  F igure 

2 .15 . I f  a s in g le  row/column is  to  be in h ib i t e d , the  address fo r  th is  

ro w /coIumn is  sent to  th e  f a u l t  bus and a permanent in h ib i t  s igna l 

is  issued to  is o la te  th is  one row /colum n. For the  m u l t i - f a u l t  

s i tu a t io n ,  the  address o f  f a u l t y  rows/columns are sent su ccess ive ly  

to  the  f a u l t  bus. An is o la t io n  accom plished s ig n a l is  sent back 

to  the  X/Y decoder to  acknowledge re c e ip t  o f  the f a u l t  address and 

is o la t io n  o f  the  f a u l t y  row/colum n. The next f a u l t  address is  sent 

subsequently  to  the  f a u l t  bus.

A schem atic diagram o f  the  c o n tro l s ig n a ls  o f  the  s im p les t 

IOP design is  shown in  F igu re  2 .16 .

2 .3 .4 .5  Methods to  Increase the  I/O  Rate

The 3-D machine perform s I/O  th rough the s u p e rv is o ry  machine, 

o r  the  secondary sto rage  system, o r  transducers  connected to  the 

machine to  accom plish some re a l tim e ta s k s . I/O  speed can be en­

hanced th rough d i f f e r e n t  IOP designs which implements one o r more o f  

the  fo llo w in g :

1. A .tra n s d u c e r /c e lI o f  IOP p resen ts  the fa s te s t  and a t  the 

same tim e the  most expensive techn ique . See F igure  2 .17 .

2. For an IOP o f  n columns, an I/O  ra te  n tim es th a t  o f  the 

o r ig in a l design can be achieved i f  one uses an IBS, an OBS, 

and a VCSR per column as shown in  F igure  2 .18 .
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Figure 2.15 A Typical Logic Diagram fo r  VCSR or HCSR.
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Figure 2.17 A transducer/ce l I IOP.
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/

DATA DATA DATA DATA

Figure 2.18 An n Times Faster IOP than shown in  Figure 2 .5 .
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3. A t im e -m u ltip le x e d  IOP us ing  n VCSR1s , n IB S 's , and n 

DBS's is  capable o f  I/O  ra te  n tim es th a t  o f  the  o r ig in a l 

IOP. I/O  c o n f l ic t s  a re  ve ry  l i k e l y  and have to  be guarded 

a g a in s t th rough  e x tra  hardware and c le v e r  programming.

An example o f  a t im e -m u ltip le x e d  IOP w ith  n=4 is  shown in  

F igure  2 .20 . R e fe rr in g  to  F igu re  2 .19 : 

a^- = VCSR( k , j ) . HCSR( k , j )  s ig n i f ie s  the  c o n tro l s ig n a l fo r  an

I/O  o p e ra tio n  o f  th e  c e l l  in  row i  and 

column j  th rough s tack a .

b j j  = V C S R (k ,j)).H C S R (k ,j) s ig n i f ie s  the  c o n tro l s ig n a l fo r  an

I/O  o p e ra tio n  o f  the  c e l l  in  row i  

and column j  through s tack  b.

C1-J and d ^ . a re  d e fin e d  s im i la r ly  f o r  s tack  c and s tack  d re s ­

p e c t iv e ly .

4. Zoned IOP, in  which case the  IOP is  d iv id e d  in to  several 

subplanes (zo n e s ). Each.zone is  tre a te d  as an IOP s im ila r  

to  the  o r ig in a l design IOP. For an IOP o f  m zones an 1/0 

ra te  m tim es th a t  o f  th e  o r ig in a l IOP is  ach ieved . The 

c o s t fu n c t io n  f o r  an m zone IOP is  proved to  increase as 

m, based upon the  gate coun t o f  s h i f t  r e g is te rs  requ ire d

to  accom plish zone c o n t r o l.  F igure 2.20 is  a b lock  diagram 

o f  a zoned IOP.
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HCSR 3
HCSR 3

HCSR 2
HCSR I
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Figure 2.19 T im e-M ultip lexed IOP o rg an iza tion .
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IOBR IOBR

HCSR

IOBR

HCSR HCSR

IN PU T OUTPUT INPUT OUTPUT INPUT OUTPUT IN P U T  OUTPUT
DATA DATA DATA DATA DATA DATA DATA DATA

Figure 2.20 Schematic Diagram o f a Zoned IOP.



CHAPTER 3

MACHINE LANGUAGE FOR THE 3-D COMPUTER



3.1 Assembly Language S tru c tu re

The assembly language (SIM3D) to  be described is  h ig h ly  

c o r re la te d  w ith  the  hardware fe a tu re s  o f  the  3-D com puter. In 

fa c t  the  assembly language o f  the  machine is  the most p r im it iv e  

language o f  th e  machine ( th e re  is  no so ftw are  assembler fo r  the 3-D 

m achine). SIM3D is  a r e g is te r - t r a n s fe r - le v e l language, and s ince  i t  

is  t i g h t l y  bound to  the  hardware, i t  is  a p p ro p ria te  to  mention the 

f iv e  general fu n c t io n a l p a rts  o f  the  machine. These have been 

described  in  d e ta i l  in  Chapter 2. These fu n c t io n a l p a rts  a re : the .

Memory Cube (MC), the  Computation Plane (CP), the  In p u t-O u tp u t Plane 

(IO P ), the  Connection R e g is te r Read M o s tly  S tore  (CR), and the 

C on tro l and S upe rv iso ry  S e c tio n .

There are two d is t in c t  d iv is io n s  o f  SIM3D programming having 

to  do w ith  ( I )  memory cube c o n f ig u ra t io n  in s t r u c t io n s ,  and (2) 

o p e ra tio n a l in s t r u c t io n s .  In  a conve n tiona l s e r ia l machine the re  are 

no comparable machine c o n f ig u ra t io n  in s tru c t io n s  s ince  th e  con­

f ig u r a t io n  is  f ix e d  upon m anufacture . A lthough the o p e ra tio n a l 

in s t r u c t io n s  o f  the  3-D machine have a q u ite  d i f f e r e n t  fo rm a t from 

th e  in s t r u c t io n s  o f  most o th e r m achines, they are r e la t iv e ly  con­

v e n tio n a l in  th a t  they  cause data t r a n s fe r ,  a r ith m e tic  and lo g ic  

o p e ra tio n s  to  be c a r r ie d  o u t.

An a d d it io n a l in n o v a tiv e  fe a tu re  re la te d  to  the  c o n f ig u ra tio n  

in s t ru c t io n s  is  the  in tro d u c t io n  o f  c a n c e lla t io n  numbers (CN) and
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c a n c e lla t io n  codes (CC)5 having to  do w ith  the execu tion  o r  in h ib i t io n  

(c a n c e lla t io n )  o f  t r a n s fe r  o p e ra tio n s  in  the  MC a n d /o r I/O  ope ra tions  

in  IOP a n d /o r a r i th m e t ic / lo g ic  o p e ra tio n s  (ALO) in  th e  CP. An execute 

in h ib i t  mask m a tr ix  is  generated th rough in te ra c t io n  between the CC 

o f  the  3-D in s t r u c t io n  and the  CN s to re d  in  the c e l l .  C a n ce lla tio n  

codes and c a n c e lla t io n  numbers are  covered in  d e ta i l  in  S ection 3 .2 .2 . 

A mask m a tr ix  is  an a rra y  o f  0 's  and I ' s  which is  generated in  the 

c e l ls  be fo re  execu tion  o f  an in s t r u c t io n  in  the  c e l l .  A c e l l  cannot 

execute i t s  in s t r u c t io n  un less i t  has a I f o r  the  mask m a tr ix  element 

co rrespond ing  to  th a t  c e l l .  The mask m a tr ix  elements a re  the  com­

plements o f  th e  o u tp u t from  the  c a n c e lla t io n  lo g ic  described  in  

S ection  2 .3 .4 . I .

The 3-D o p e ra tio n a l in s tru c t io n s  are  a s im ple  bu t powerfu l 

s e t.  Each in s t r u c ito n  is  a macro o p e ra tio n  which opera tes on planes 

o r p a rts  o f  p lanes o f  the  MC5 the  CP5 and /o r the  IOP. A macro 

o p e ra tio n  m ight be one o f  the  fo llo w in g :

a. an in p u t /o u tp u t  macro o p e ra tio n

b. an in tra p la n e  (co n d u c tive ) t ra n s fe r

c . an in te rp la n e  (non -cond uc tive ) t ra n s fe r

d. a branch ing o p e ra tio n  .

A lth o u g h " th is  c a te g o r iz a tio n  is  no t a l l  in c lu s iv e ,  i t  is  ve ry  

d e s c r ip t iv e  o f  hardware fe a tu re s  o f  the  3-D machine.

A r ith m e tic  and lo g ic  o p e ra tio n s  are  performed as sub-opera tions
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o f  in te rp la n e  t ra n s fe r  when the t ra n s fe r  is  to  the CP.

3.2 Memory Cube C o n fig u ra tio n  In s tru c t io n

An in te rc o n n e c tio n  schematic o f  a 2x2 memory p lane (exc lud ing  

MRT) is  shown in  F igure  3 .1 . Each memory re g is te r  is  shown as a 

c i r c le  and p o ss ib le  data paths are shown as l in e s .

Figure 3.1 A 2x2 Memory Plane
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I t  shows th a t  w ith  the  s in g le  excep tion  o f  the  in te r - r e g is te r  

path between MRl and MR2 o f  each c e l l ,  MRl re g is te rs  connect on ly  

to  o th e r MRl re g is te rs  and MR2 re g is te rs  connect o n ly  to  o th e r MR2 

re g is te r s .  I t  is  a ls o  s ig n i f ic a n t  to  note th a t  th e re  are  no edge 

connections in  the  a r ra y .

The t h i r d  r e g is te r  in  each c e l l  is  the  c o n tro l (MRC) re g is te r  

and is  a double word le n g th  r e g is te r  c o n ta in in g  the b i t s  necessary 

to  e s ta b lis h  a p a r t ic u la r  in te rc o n n e c tio n  s tru c tu re  fo r  i t s  p a ir  

o f  memory re g is te r s .  MRC a lso  has b i t s  th a t  s p e c ify  a r ith m e tic  and 

lo g ic  o p e ra tio n s  and an e x e c u te - in h ib it  mode as w i l l  be described 

la te r .

I t  is  observed th a t  each MRl r e g is te r  is  a d jacen t to  seven 

l in e s  as is  each MR2 r e g is te r .  A numbering scheme has been assigned 

fo r  MRl r e g is te r  l in e s  as in  F igure  3 .2  (a ) and a s im ila r  scheme fo r  

MR2 re g is te r  l in e s  in  F igu re  3.2 ( b ) .

/

Figure 3.2
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For each r e g is te r ,  a th r e e - d ig i t  code is  used to  s p e c ify  ( I )  data 

in p u t l i n e ,  (2 ) data o u tp u t l i n e ,  and (3 ) any o f  severa l spec ia l 

bussing fe a tu re s  to  be e xp la in e d . In p u t and ou tpu t connection  

codes and th e i r  co rrespond ing  connections are shown in  F igure  3.3 

f o r  MRl r e g is te r s .  Only the  f i r s t  two d ig i t s ,  in d ic a t in g  in p u t and 

o u tp u t,  are shown. The t h i r d  d i g i t  ( fo r  spec ia l buss ing) is  in d ic a te d  

by a dash. For MR2 r e g is te r s ,  the  '7 '  l in e  runs opp os ite  to  th a t  

shown, i . e .  the  connection  between MRl and MR2 is  des igna ted by a '7 '  

in  both c e l ls .

3 .2 .1  T ra n s fe r Connections

In the  r e g is te r  connection  code, the  f i r s t  d i g i t  d e fin e s  the 

in p u t l i n e ,  the  second d i g i t  d e fin e s  the  o u tp u t l in e  and the th ir d  

d i g i t  d e fin e s  any connections in  a d d it io n  to  those f o r  load and 

t ra n s fe r  o p e ra tio n s .

S p e c i f ic a l ly ,  i f  the  t h i r d  d i g i t  is  a 1O11 no a d d it io n a l con­

n e c tio n s  are to  be made. Hence a 320 connection means in p u t from the 

r ig h t  and o u tp u t to  the  upper r ig h t .

I f  the  t h i r d  d i g i t  is  a ' I ' ,  an a d d it io n a l h o r iz o n ta l bus 

connection  is  to  be made. The f i r s t  two d ig i t s  s t i l l  s p e c ify  the 

in p u t and o u tp u t d ire c t io n s .  Thus, a 511 connection has in p u t from
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Figure 3.3 R egister Connection Codes
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the low er l e f t ,  o u tp u t to  above, and a h o r iz o n ta l bus.

Note th a t  a 621 connection  is  i l le g a l  s ince  i t  c rea tes  a c o n f l i c t  o f  

the in p u t and bus l in e  d e s ig n a tio n s . Any such c o n f l ic t in g  d es igna tion  

is  deemed in v a l id .

A t h i r d  d i g i t  o f  '2 '  p rov ides  a v e r t ic a l bus in  a d d it io n  to  the 

a lre a d y  s p e c if ie d  in p u t and o u tp u t. A 252 connection is  shown.

I f  the  t h i r d  d i g i t  is  a ' 4 ' ,  a load and bus o p e ra tio n  is  pe r­

form ed. The in p u t appears on the  s p e c if ie d  l in e ,  is  loaded in to  the 

r e g is te r  and a lso  is  bussed through to  the  ou tpu t l in e .  The o r ig in a l 

con ten ts  o f  the  r e g is te r  are lo s t ,  being destroyed by the  load o p e ra tio n . 

A 124 connection  is  shown.

A '3 '  as the  t h i r d  d i g i t  p rov ides  a d iagonal bus as shown.



I f  the  t h i r d  d i g i t  is  a ' 5 ' ,  a h o r iz o n ta l bus is  added to  the

load and bus conn e c tio n . A 545 connection  is  shown.

Because o f  c o n f l i c t s ,  such connections as 465 are in v a l id .

A '6 ' as t h i r d  d i g i t  adds a v e r t ic a l connection to  the  load 

and bus. An example o f  a 366 is  shown.

— 7 connection  as one w ith  a d iagona l bus in  a d d it io n  to  the  bus and 

load conn ec tions . However, we have o n ly  10 d ig i t s  to  use in  th is  spot 

and 12 connections i f  th e  p rog ress ion  is  fo llo w e d ,(a n o th e r  c la ss  o f 

connections fo l lo w s ) .  The two bus p a tte rn s  dropped are th e  diagonal 

ones in  each rem a in ing  c la s s  s ince  what l im ite d  experience we have 

in d ic a te s  t h a t  they  are  l i k e l y  to  be th e  le a s t  used. So the  7 as 

a t h i r d  d i g i t  is  used to  in d ic a te  com plete bussing o n ly  w ith o u t lo a d ­

in g  o r t r a n s fe r .  An example is  467 as below.

A lo g ic a l com p le tion  o f  t h is  p rog ress ion  would be to  d e fin e  a
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Since bussing is  b id ir e c t io n a l ,  the  f i r s t  two d ig i t s  ( in d ic a t in g  

in p u t and o u tp u t under normal c o n d it io n s )  can be in te rchanged and 

a 647 connection  is  the  same as a 467.

The t h i r d  d i g i t  o f  '8 '  in d ic a te s  the  a d d it io n  o f  a h o r iz o n ta l 

bus to  a bus d e fin e d  by the  f i r s t  two d ig i t s .  An example is  428 

(o r  248).

A ga in , such c o n f l ic t in g  connections as 538 (o r 358) a re  in v a l id .

F in a l ly ,  i f  th e  t h i r d  d i g i t  is  a ' 9 ' ,  a v e r t ic a l bus is  added 

to  the  bus d e fin e d  by the  f i r s t  two d ig i t s .  An example is  259 

(o r  529).

I t  is  recogn ized th a t  no t a l l  com binations are in c lud ed  here, 

bu t th e re  is  an unden iab le  r ich n e ss  n e ve rth e le ss . Should the re  be 

some problem o r c la ss  o f  problems th a t  is  in s is te n t  upon a change, 

one w i l l  s u re ly  be made. As i t  s ta n d s , the  s im u la to r  is  se t up to  

handle the  r e g is te r  connections shown.

A com plete in p u t-o u tp u t and sp e c ia l bussing code f o r  each 

memory c e l l  is  then two th r e e - d ig i t  numbers in  which the  f i r s t  th re e
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d ig i t  number s p e c if ie s  the  in p u t l in e  f o r  MRl, the  o u tp u t l in e  fo r  MRl 

and sp e c ia l bussing fo r  MRl, re s p e c t iv e ly .  The a rra y  o f  th r e e - d ig i t  

number p a i r s . f o r  a g iven plane is  c a lle d  a p r in c ip a l p a t te rn .  A 

com plete s p e c if ic a t io n  fo r  a memory plane is  a p r in c ip a l p a tte rn  

p lus  an a r i th m e t ic - lo g ic  o p e ra tio n  code (ALOC) f o r  each memory c e l l .  

The ALOC may va ry  from  c e l l  to  c e l l ,  p ro v id in g  a com putation mode 

c a lle d  the  autonomous mode. More w i l l  be sa id  o f  th is  in  the  sec tion  

on a r ith m e t ic - lo g ic  o p e ra tio n  codes.

A p r in c ip a l p a tte rn  f o r  a s im p le  4x4 m a tr ix  transpose is  shown 

in  F igure  3 .4 , in  which in te rc o n n e c tio n  codes are w r it te n  d i r e c t ly  

in s id e  each MRl and MR2. MRC is  no t shown. One data t ra n s fe r  cyc le  

is  re q u ire d  to  e f fe c t  the  complete transpose compared to  tw elve 

f o r  s e r ia l o p e ra tio n .

A summary o f  the  bus p a tte rn s  is  shown below. W ith each 

o f  the  new p a tte rn s  is  shown the  p ro to ty p e  connection from  which i t  

is  d e r iv e d .
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(Load and Bus)

3 6 -

(Load and Bus plus H o r iz o n ta l  Bus)

(Load and Ru- P lus V e r t ic a l  Bus)

•----- ( 2 6 -  )

(Bus O nly) (2 6 7 )

V 8-. or
2 6 -

(Bus Only Plus H o r iz o n ta l  Bus)

(Bus 0 " l y  Plus V e r t ic a l  Bus)

(2 58)

(3 2 9 )
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OOO

F igure  3 .4  A 4x4 M a tr ix  Transpose P a tte rn .



3 .2 .2  INSTRUCTION INHIBITION, CANCELLATION NUMBERS AND CANCELLATION

CODES

I t  is  a common p ra c t ic e  in  a rra y  machines to  have some mechanism 

whereby an in s t r u c t io n  to  the  a rra y  (each module in  the  a rra y  re c e iv in g  

the  same in s t r u c t io n  in  most machines) can be e ith e r  executed or 

ignored  by in d iv id u a l modules depending on the  s e t t in g  o f  b i ts  in  an 

e x e c u te - in h ib it  mode r e g is te r  in  each module. These mode re g is te rs  

have va lues th a t  can be se t by programming and /o r data v a lu e , thereby 

p ro v id in g  a dynamic aspect in  execu ting  p a tte rn s . ILLIAC IV (4) 

and th e  SOLOMON computer (18) are examples o f  a rra y  machines having 

t h is  genera l fe a tu re .  The e f fe c t  is  to  p rov ide  a p a r t ia l l y  con­

f ig u ra b le  computing p a tte rn  th a t  is  u se fu l in  a rra y  a r ith m e t ic .

The 3-D machine a ls o  has a mechanism fo r  d yn a m ica lly  s p e c if ie d  

in s t r u c t io n  execu tion  and in h ib i t io n .  As in  some o th e r schemes, i t  

in v o lv e s  a c o n d it io n  th a t  is  se t in  each module and a g loba l standard 

a g a in s t which each m odule 's c o n d it io n  is  measured. Those modules 

m eeting the  g lo b a l s tandard  e xecu te ; those no t m eeting i t  are in h ib i te d .  

The module c o n d it io n  is  represen ted  by an in te g e r  c a lle d  the  c a n c e lla t io n  

number (CN) o u t o f  the  in te g e r  se t [ I ,2 ,4 ,8 ]  (powers o f  2 ) .  A memory 

plane o f  th e  3-D machine w i l l  have a se t o f  CN's assoc ia ted  w ith  i t  

(one CN per c e l l ) .  CN's are g e n e ra lly  n o t the  same in  a l l  c e l ls  because 

i t  is  th e  v a r ia t io n  in  CN's th a t  g ives  the  scheme i t s  power.

The CN fo r  a g iven c e l l  is  assigned a u to m a tic a lly  on the basis
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o f  fo u r  p o s s ib le  com binations o f  MRl and MR2 w ith  re sp e c t to  th e ir

having in p u ts  or; no t having in p u ts . Note th a t  the CN assigned is
. • ‘ ■ ,

e n t i r e ly  geom etric in  n a tu re , being u n re la te d  to  the  data  in  the MRl

and MR2 r e g is te r .  The e ffe c tiv e n e s s  o f  c re a t in g  an e x e c u te - in h ib it  

mask based on in te rc o n n e c tio n  geometry e x is ts  because ve ry  o fte n  

th e re  is  a correspondence between data t ra n s fe r  p a tte rn s  and sub­

sequent data .processing o p e ra tio n s . The CN assigned to  a given 

module is  as fo llo w s :

a. N e ith e r MRl nor MR2 have in p u ts :  CN=I.

b. . MR2 o n ly  has an in p u t :  CN=2.

c . MRl o n ly  has a n . in p u t :  CN=4.

d. Both MRl and MR2 have in p u ts :  CN=B.

The g lo b a l standard a g a in s t which CN are measured is  c a lle d  the  

c a n c e lla t io n  oqtie (CC) and is  tra n s m itte d  to  the  a rra y  as p a r t o f  the 

3-D sta tem ent ( i t s  s p e c if ic  lo c a t io n  in  the  statem ent w i l l  be shown 

la te r  bu t is  u n e sse n tia l a t  t h is  p o in t ) .  The CC is  an in te g e r ,  rang ing  

between 0 and 15. As shown in  Table 3 .1 ,  each CC has a one-to-one 

correspondence w ith  one o f  the  s ix te e n  p o s s ib le  fu n c t io n s  o f  two 

lo g ic a l v a r ia b le s .  The lo g ic a l v a r ia b le s  in  th is  in s ta n ce  are c a lle d  

MRl and MR2, meaning in p u t to  MRl and in p u t to  MR2, re s p e c t iv e ly .

Thus a cho ice  o f  CC is  a c tu a l ly  a cho ice  o f  a lo g ic a l fu n c t io n  a g a in s t 

which MRl and MR2 in p u ts  o f  in d iv id u a l memory c e l ls  are compared. I f ,  

in  a g iven c e l l ,  the  in p u t connection  causes the  lo g ic a l fu n c t io n  to

■<
9
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be TRUE, execu tion  is  in h ib i t e d ;  i f  the  in p u t connection  causes the  

lo g ic a l fu n c t io n  to  be FALSE, execu tion  proceeds.

The fu n c t io n s  in  Table 3.1 are arranged so th a t  as one proceeds 

down th e  ta b le  (tow ard h ig h e r C C 's ), those fu n c t io n s  whose CCs are 

no t powers of- two are  the  r e s u lt  o f  one o r two lo g ic a l OR ope ra to rs  

a p p lie d  to  a p p ro p ria te  preced ing  fu n c t io n s  whose CC's are powers o f  

two. Such a p p ro p ria te  preced ing  fu n c t io n s  are those whose CC's w i l l  

sum to  the  CC in  q u e s tio n . As a mnemonic d e v ic e , th e  sum o f  the 

m atching CM's i s  equal to  the  CC in  each case th a t  execu tion  is  in ­

h ib ite d .

T h u s ,a n y  CC which is  a power o f  two stands a lone  in  th a t 

o n ly  one CN matches i t  (causes i t s  assoc ia ted  lo g ic a l fu n c t io n  to  be 

TRUE) w h ile  o th e r CC's are matched by two o r th re e  CN1s , those CN's  

being th e  unique s e t o f  CN's th a t  sums to  the  given CC. As examples,

CC = 5 is  matched by CN = 1V4, and CC = 14 is  matched by CN = 2V4V8, 

whereas CC = 8  is  matched o n ly  by CN = 8 . In every case o f  a match, 

execu tion  in  th a t  c e l l  w i l l  be in h ib i te d .  The re s u lta n t  execute- 

in h ib i t  p a tte rn  in  the  a rra y  is  c a lle d  a c a n c e lla t io n  mask.

In  the  o p e ra tio n a l in s t r u c t io n  s e t ,  a broader use o f  c a n c e lla t io n  

codes w i l l  be made in  th a t  fo r  a g iven m a c ro in s tru c tio n , more than 

one CC may appear, each assoc ia ted  w ith  a p a r t ic u la r  segment o f  the 

o v e ra ll m acro iin s tru c t io n .

Based"upon l im ite d  expe rie n ce , i t  can be sa id  th a t  use o f
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Table 3 .1 . C a n c e lla tio n Codes

CC Log ic  Symbol Meaning Matching CN

0 -  -  - No c a n c e lla t io n - - -

I H R l  )A~ MR2 N e ith e r MRl o r  MR2 have in p u ts I

2 H ri ) aMR2 Only MR2 has an in p u t 2

3 ~MRT No in p u t f o r  MRl 1V2

4 MR1A~MR2 , Only MRl has an in p u t 4

5 ~MR2 No in p u t f o r  MR2 1V4

6 . MRl f  MR2 One o f  MRl, MR2 has an in p u t 2V4

7 ('vMRl )V~MR2 No in p u t f o r  MRl o r f o r  MR2 1V2V4

8 MR1AMR2 Both MRl and MR2 have in p u ts 8

9 MRl -  MR2 0 o r 2 in p u ts  f o r  MRl, MR2 1V8

1 0 / MR2 . /  • MR2 has an in p u t 2V8

11 (~MR1)VMR2. E ith e r  MR2 has in p u t o r MRl 
d o e s n 't ,  o r  both 1V2V8

12 MRl ' MRl has in p u t 4V8

13 MR1V~MR2 E ith e r  MRl has in p u t o r MR2 
d o e s n 't ,  o r  both 1V4V8

14 MR1VMR2 E ith e r  MRl o r  MR2 o r both 
has an in p u t 2V4V8

15
0

Cancel e v e ry th in g 1V2V4V8
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a p p ro p ria te  com binations o f  t r a n s fe r  p a tte rn s , and c a n c e lla t io n  codes 

is  an a r t  form  o r  G e s ta lt  o p e ra tio n . I t s  u lt im a te  va lue  is  ye t. 

unknown,.

3 .2 .3  OPERATIONAL INSTRUCTIONS

3 .2 .3 . I In s t r u c t io n a l Format

O pera tiona l in s t r u c t io n s  are  o f  f ix e d  fo rm a t, c o n s is t in g  o f  

the  f iv e  f ie ld s  in  s ix te e n  columns each as shown in  F igu re  3 .5 .

F ie ld I ; 2 3 ■ 4 5a 5b

C o lumn T 16
*» V ,

17 32 33 48 49 64 65 70 71 80

Desc. Bound. 3-D I n s t r . Source D e s t. ALOC Label

a . O pe ra tiona l In s t r u c t io n  Format

(0 U 0 3 ’;01 :04 ) TRAN(00,00,16) MR(04) CR FAD 555
1 .

b. A T yp ica l O pe ra tiona l In s t ru c t io n  .

F igu re  3.5

D e ta ils , o f  each f i e l d  w i l l  be covered in  the  fo llo w in g  s e c tio n s . 

As a p re lim in a ry  rem ark, i t  is  seen th a t  o p e ra tio n a l in s tru c t io n s  

have embedded w ith in  them a 3-D in s t r u c t io n ,  which d e fin e s  o n ly  the
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s p e c if ic  o p e ra tio n  to  be perform ed w ith in  the  3-D machine but does 

no t s p e c ify  any boundaries , source d e s t in a t io n ,  e tc .  T h is  d is t in c t io n  

between o p e ra tio n a l in s t r u c t io n s  and 3-D In s tru c t io n s  w i l l  be c a r e fu l ly  

m a in ta ined  in  subsequent s e c tio n s . 3-D in s tru c t io n s  w i l l  be covered 

in  a separa te  s e c t io n .

I t  is  w o rth w h ile  to  note th a t  any XDS Extended FORTRAN IV- 1 'I

s ta tem ents are a ls o  o p e ra tio n a l in s t r u c t io n s ,  p rov ided they  have an 

1F 1 in  Column I .  F a m il ia r i ty  w ith  FORTRAN is  assumed and no fu r th e r  

s y n ta c t ic a l d is cu ss io n  w i l l  be made. References to  the  u t i l i t y  o f  

FORTRAN in  SIM3D programming w i l l  be made a t  a p p ro p ria te  p o in ts .

3 .2 .3 .2  F ie ld  D e s c rip tio n s

F ie ld  I

F ie ld  I is  a boundary s p e c if ic a t io n  f ie ld  f o r  the  rows and 

columns on which th e  3-D o p e ra tio n  w i l l  take  p lace (s u b je c t to  fu r th e r  

in h ib i t io n  by CC and CM). An 1F 1 in  the  f i r s t  column o f  F ie ld  I 

s ig n i f ie s  a FORTRAN type  statem ent (n o n -a rra y ) which is  executed 

e x c lu s iv e ly .b y  -the s u p e rv is o ry  machine. Th is a llow s  a mixed stream 

o f  3-D and FORTRAN statem ents p ro v id in g  c a p a b i l i t ie s  f o r  lo o p in g ; 

b ranch ing , in d e x in g , c o u n tin g , e tc .  A 1C1 in  the  f i r s t  column s ig n i f ie s  

a comment in  the  usual FORTRAN sense.
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co l I

(0 1 :05 ;02 :07 )

Th is  s p e c if ie s  a 5 x 6 a rra y  in  which the  in s t r u c t io n  is  

e f fe c t iv e  on rows I to  5 in c lu s iv e  and columns 2 to  7 in c lu s iv e .

F ie ld  2

The 3-D in s t r u c t io n  f i t s  in to  F ie ld  2. The in s t r u c t io n  is  

appended by two o r th re e  c a n c e lla t io n  codes. The f i r s t  c a n c e lla t io n  

code (CCl) c o n s tru c ts  a c a n c e lla t io n  mask which a p p lie s  to  ope ra tion  

on the  c o n te n ts ;o f  th e  MRl r e g is te r .  The second c a n c e lla t io n  code 

(CC2) does, the  same re g a rd in g  the  MR2 r e g is te r  and the  t h i r d  can­

c e l la t io n  code (CC3) w i l l  no t o n ly  a llo w  o r in h ib i t  the  ALOC but a lso  

d i f f e r e n t ia te s  between a lo c a l ALOC f o r  each c e l l  and a g loba l ALOC 

f o r  a l l  c e l ls . in s id e  the  s p e c if ie d  boundaries. CCs are  used on ly  in  

the  in te rp la n e  t ra n s fe r  in s t r u c t io n  (TRAN) when CP is  the  d e s tin a tio n  

R efer to  th e  fo llo w in g  s e c tio n  on 3-D in s tru c t io n s  f o r  complete 

d e ta i ls  on CC3.

Example

I  co l 17 

INPT(00,15)

T h is - is  an in p u t in s t r u c t io n  which in p u ts  data in to  the MRl 

re g is te rs  o f  the  c e l ls  s p e c if ie d  s ince  CCl = 0. Th is  in s t r u c t io n  

in h ib i t s  in p u t to  the. MR2 re g is te rs  s ince  CC2 = 15.

Example
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Example

I co l 17
V "
INPT

An in p u t in s t r u c t io n  is  v a l id  w ith o u t a c a n c e lla t io n  code 

when the  in p u t is  to  a c o n tro l r e g is te r  (MRC o f  CR r e g is te r s ) .

F ie ld  3

Th is  f i e l d  s p e c if ie s  e i th e r  a source o f  in fo rm a tio n  o r a des­

t in a t io n  f o r  the  in fo rm a tio n  depending on the  type o f  3-D in s t r u c t io n .

In in p u t o p e ra tio n s  i t  s ig n i f ie s  the  d e s t in a t io n  in  the  3-D machine 

f o r  in fo rm a tio n  coming from  the  in p u t b u f fe r  s ta c k . In  ou tpu t 

o p e ra tio n s  i t  s ig n i f ie s  th e  lo c a t io n  in  the  3-D machine from  which, 

o u tp u t w i l l  be t ra n s fe r re d  to  the  o u tp u t-b u f fe r  s ta c k . In  tra n s fe r  

o p e ra tio n s  i t  s ig n i f ie s  the  data source .

f  I
(0 1 :0 2 ;0 2 :0 4 ) TRAN(00,15) MR(04)

T h is  is  a t ra n s fe r  in s t r u c t io n  from  the  MRl r e g is te rs  o f  

memory p lane 4. MR2 re g is te rs  are u n a ffe c te d  s ince  CC2 = 15.

Example

co l I co l 17

F ie ld  4

Th is  f ie l d  s p e c if ie s  the  d e s t in a t io n  fo r  data t ra n s fe r .  

Example

co l I co l 17
Y v
(0 1 :0 2 ;0 2 :0 4 ) TRAN(OO1IS )

co l 49
V
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This  is  a com plete 3-D in s t r u c t io n  fo r  a t ra n s fe r  o f  the 

con ten ts  o f  th e  MRl re g is te rs  o f  p lane 4 to  the MRl re g is te rs  o f  

p lane 16 f o r  rows I and 2 and columns 2 through .4 o f  a 2 x 3 a rra y . 

MR2 re g is te rs  a re  aga in  u n a ffe c te d .

F ie ld  5

F ie ld  5 is  d iv id e d  in to  two s u b f ie ld s :

A. F ie ld -S a

Th is  is  reserved f o r  the  ALOC when the  CR is  opera ted in  a 

ganged mode. Th is  f i e l d  occupies columns 65 through 70.

This; t ra n s fe rs  th e  con ten ts  o f  the  MRl re g is te rs  and MR2 

re g is te rs  of. memory p lane 4 (w ith in  th e  s p e c if ie d  boundaries) to  the  

correspond ing  CPA and CPQ r e g is te r s ,  re s p e c t iv e ly ,  o f  CP. A f lo a t in g  

p o in t  a d d it io n  is  performed by a l l  n o n - in h ib ite d  CP c e l ls ,  and the 

re s u lts  a re .s to re d  in  th e  CPA's.

B. F ie ld  Sb

This, is  re se rve d  f o r  la b e ls .  A la b e l is  a numeric f ig u re  o f  

up to  10 decimal d ig i t s  which can be s to re d  anywhere in  columns 71 

to  80 o f  the  ca rd .

Example

v Y Y
(0 1 :0 2 ;0 2 :1 5 ) TRANS(00,00,16) MR(04) CP FAD
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I  COl I |C o l 17 |CO l 33 |c o l 49 , co l 65 , co l 71

(0 1 :02;02:04),TR AN S(00,00,16) MR(04) CP FAD 555

The in s t r u c t io n  is  id e n t ic a l to  the  p rev ious example except fo r  

having 555 appended as a la b e l .

3 .2 .4  3-D INSTRUCTION SET

There are th re e  bas ic  types o f  in s tru c t io n s  to  f i t  the  a rc h i­

te c tu re  o f  the  3-D machine:

a . In p u t/O u tp u t ( I /O )  in s t ru c t io n s

b. T ra n s fe r in s tru c t io n s

c . Branching in s tru c t io n s

3 .2 .4 . I Ih p u t/O u tp u t ( I/O  In s t r u c t io n s ) - 

INPT

INPT is. an in p u t in s t r u c t io n  which causes two sequen tia l 

o p e ra tio n s :

a . T ra n s fe r o f  data by rows from  the  in p u t-b u f fe r -s ta c k  to  

the  I/O  p lane (w ith in  the  s p e c if ie d ; b o u n d a rie s ).

b. T ra n s fe r o f  th e  con ten ts  o f  the  I/O  p lane to  a memory 

p lane (s p e c if ie d  in  f i e l d  3) w ith in  the same boundaries 

a,s above.

Example
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OUTP

OUTP is  an o u tp u t in s t r u c t io n  which does e x a c t ly  the  reverse 

o f  INPT, i . e . :

a . T ra n s fe r o f  the  con ten ts  w ith in  s p e c if ie d  boundaries o f  

th e  memory p lane s p e c if ie d  in  f i e l d  3 to  th e  I/O  p lane.

b. T ra n s fe r by rows o f  the  co n ten ts  o f  the  I/O  plane w ith in  

the  s p e c if ie d  boundaries to  the  o u tp u t-b u f fe r -s ta c k .

3 .2 .4 .2  T ra n s fe r In s tru c t io n s

CTRN ■ ■

CTRN is  an in tra p la n e  t r a n s fe r .  Th is  in s t r u c t io n  moves in f o r ­

m ation w ith in  the  s p e c if ie d  boundaries o f  a g iven p lane . Data t ra n s ­

f e r  in to  a r e g is te r  can be in h ib ite d  (c a n c e lle d ) by th e  c a n c e lla t io n  

mask. O utput from  a c e l l  cannot be in h ib i te d .

DTRN-

DTRN is  a d i r e c t  ( in t r a c e l l )  t r a n s fe r .  Th is in s t r u c t io n  tra n s ­

fe rs  the  co n te n ts  o f  the  MRl r e g is te r  o f  a c e l l  to  the  MR2 re g is te r  o f  

the  same c e l l  o r  v ic e  ve rsa . T ra n s fe r d ire c t io n  depends on f ie ld  3 

(source f ie ld ) ,  and f i e l d  4 (d e s t in a t io n  f i e l d ) .  T h is  t ra n s fe r  is  a lso  

s u b je c t to  a c a n c e lla t io n  mask.

TRAN

TRAN is -a n  in te rp la n e  t ra n s fe r  in s t r u c t io n  having fo u r  p o s s ib le  

t ra n s fe r  modes: ( I )  from  memory p lane to  memory p la n e , (2 ) from



connection  r e g is te r  p lane to  memory p lane c o n tro l r e g is te r ,  (3) 

from  com putation p lane to  memory p la n e , and (4) from  memory plane to  

com putation p lane .

MP to  MP t ra n s fe r  re q u ire s  two c a n c e lla t io n  codes, CCl and CC2,
-i

r e fe r r in g  to  MRI t ra n s fe rs  and MR2 t r a n s fe r ,  re s p e c t iv e ly .

When TRAN is  executed as an in te rp la n e  t ra n s fe r  in s t r u c t io n ,

MRl re g is te r s  t ra n s fe r  o n ly  to  MRl r e g is te r s ,  and MR2 re g is te rs  t ra n s ­

f e r  o n ly  to  MR2 re g is te r s .

CR to  MRC tra n s fe rs  are made to  e s ta b lis h  new p r in c ip a l p a tte rn s  

in  memory p lanes and are  no t s u b je c t to  a c a n c e lla t io n  code based on 

p re v io u s ly  e x is t in g  p a tte rn s . No CCs need be appended to  TRAN 

upon such a t ra n s fe r .

T ra n s fe rs  from  th e  CP to  a MP are performed in  a s im ila r  manner 

w ith  CPA (th e  accum ula to r) be ing t ra n s fe r re d  to  MRl and CPQ (the  Q 

r e g is te r )  being t ra n s fe r re d  to  MR2. The c a n c e lla t io n  mask cons truc ted  

from  CCl ( fo r  MRl) and CC2 ( fo r  MR2) is  based on the  p r in c ip a l p a tte rn  

o f  the  d e s t in a t io n  p lane in  the  MC.

When,a t ra n s fe r  to  the  CP o c c u rs , a t h i r d  c a n c e lla t io n  code,

CC3, is  used and an a r ith m e t ic - lo g ic  o p e ra tio n  code is  tra n s fe r re d  

c o n c u rre n tly  w ith  d a ta . Th is  ALOC is  the  one appended to  the memory 

plane p r in c ip a l p a tte rn s  and, under p rope r c o n d it io n s  o f  CC3, governs 

th e  a r ith m e t ic - I o g ic o p e ra tio n s  o f  in d iv id u a l c e l ls  in  the  CP.
■ ff  '

T a b le ,2.1 l i s t s  the  se t o f  c u r re n t ly  o p e ra tio n a l ALOC1s .



The la s t  card in  any program (n o t in c lu d in g  data c a rd s ) is  

the. STOP in s t r u c t io n  which begins in  column 17. . The STOP in s t r u c t io n  

serves two purposes: i t  marks th e  d iv is io n  between program and data

d u rin g  the  t r a n s la t io n  and f i l e  c re a t io n  segment, and i t  s ig n a ls  the 

usual te rm in a tio n  o f  execu tion  d u r in g  the  execu tion  segment.

In p u t data is  o f  two typ e s : num erica l data and in te rc o n n e c tio n  

p a tte rn  c o n f ig u ra t io n  d a ta . Numerical data has an in p u t fo rm at o f  

8E10.3 and needs no e x p la n a tio n . In te rc o n n e c tio n  p a tte rn  data is  

read th rough a fo rm a t o f  4 ( I3 ,1 X ,I3 ,1 X ,A 4 ,8 X ) and takes a l i t t l e  

a rra n g in g . The sample f i e l d  below shows a ty p ic a l in p u t .

. co l I co l 12
I  t
760 667 FSB

This s p e c if ie s  th a t  re g is te rs  MRl and MR2 are to  have connections 

co rrespond ing  to  760 and 667, re s p e c t iv e ly ,  and th a t  an o p e ra tio n  o f  

f lo a t in g  s u b tra c tio n  is  to  be perform ed when any t ra n s fe r  is  made 

from  th is  memory p lane to  the  com putation p lane , p rov ided  th a t  the 

t ra n s fe r  is  made w ith  c a n c e lla t io n  code le ss  than 16, i . e . ,  the 

autonomous mode o f  com putation p lane o p e ra tio n  is  in  e f f e c t .  The 

nex t f ie ld s  begin in  columns 21, 41, and 61, re s p e c t iv e ly .  Thus a 

com plete 80 IcoTumn reco rd  o f  in te rc o n n e c tio n  p a tte rn s  has fo u r  sets 

o f  s p e c if ic a t io n  o f  p r in c ip a l p a tte rn s  and ALOC1s .

Te rm ina tion  o f  the  data se t is  in d ic a te d  by a reco rd  J6E0D.

Th is  d i f f e r s  from  th e  standard I EOD o n ly  in  the om ission o f  the !
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symbol (which would be in c o r r e c t ly  in te rp re te d  as a m o n ito r c o n tro l 

c a rd ) ,  i . e . ,  column one is  l e f t  b la n k .

As b e fo re , CCl and CC2 r e fe r  to  t ra n s fe r  o f  MRl and MR2, and 

t h e i r  d e s t in a t io n s  are  CPA and CPQ, re s p e c t iv e ly .  S ince each c e l l  

in  memory has an in d iv id u a l ALOC, v a rio u s  c e l ls  in  the  CP may be 

in s tru c te d  to  perfo rm  d i f f e r e n t  o p e ra tio n s  upon a. MC to  the  CP tra n s ­

f e r .  Such o p e ra tio n s  in  th e  CP occur when CCS is  in  th e  range from 

16 to  S I,  t h is  in d ic a te s  th a t  the  ALOC o f  the  MP is  to  be ignored by 

th e  CP and th a t  th e  ALOC in  f i e l d  52 is  to  be used in  ganged mode 

execu tion  by th e  CP. Again execu tion  is  s u b je c t to  a c a n c e lla t io n  

mask based on the  MP source , in  a d d it io n  to  the boundary s p e c if ic a t io n s  

o f  f i e l d  I .  The e f fe c t iv e  CCS in s o fa r  as c a n c e lla t io n  mask con­

s t ru c t io n  is  concerned is  computed as CCS . = CCS modulo 16. As
e f f

examples, CCS = 23 in d ic a te s  a g lo b a l CP o p e ra tio n  under CCS = 7 ;
e f f

CCS = 16 in d ic a te s  a g lo b a l CP o p e ra tio n  CCS = 0 (no c a n c e lla t io n ) .
. . e f f

1 1 2

3 .2 .4 .3  Branching In s tru c t io n s  

BRNU:.,'.

T h is ' in s t r u c t io n  causes an u n c o n d itio n a l branch to  the  oper­

a t io n a l in s t r u c t io n  whose la b e l appears in  f ie ld  3 o f  th e  BRNU 

in s t r u c t io n .  Note th a t  th is  in s t r u c t io n  makes a new use o f  f ie ld  3. 

BRNZ

BRNZ causes a branch i f  th e  co n ten ts  o f  a l l  MRl and MR2



r e g is te rs  o f  the,, la s t  memory p lane re fe renced  are ze ro . By s e le c tin g  

a p p ro p ria te  va lues o f  CCl and CC2 d e s ire d  MRl and MR2 re g is te r s ,  re s ­

p e c t iv e ly ,  can be masked o u t o f  the  comparison process.

BRNF .

BRNF causes a branch i f  the  con ten ts  o f  a l l  MRl and MR2 

re g is te rs  o f  the  la s t  memory p lane re fe renced  are le ss  than a 

c o n s ta n t. T h is ,c o n s ta n t appears in  f i e l d  4 o f  the  o p e ra tio n a l in s t r u c ­

t io n s .  The e f fe c t  o f  CCl and CC2 is  th e  same as in  BRNZ.

STOP

STOP suspends 3-D machine o p e ra tio n  w ith o u t a f fe c t in g  re g is te r  

con ten ts  and puts  th e  c o n tro l u n i t  o f  the  3-D machine in  the  f i r s t  

phase o f  i t s  fe tc h  c y c le .  I t  then suspends o pe ra tions  o f  the  super­

v is o ry  machine.;,

3 .3  The. S im u la to r (SIM3DMIX)

A s im u la to r  (SIM3DMIX) f o r  the  3-D machine is  a v a ila b le  fo r  

use. Appendix C is  a l i s t i n g  o f  SIM3DMIX. Th is s im u la to r  was w r it te n  

in  FORTRAN f o r  batch mode execu tion  on the  Sigma 7 computer and can be 

executed lo c a l ly  th rough card in p u t o r  from  remote te rm in a ls .  FORTRAN 

has been se lec te d  ove r the  assembly language o f . th e . lo c a l computer 

(METASYMBOL fo r  the  Sigma 7) to  make i t  p o ss ib le  to  use th e  s im u la to r 

on o th e r com puters. S p e c i f ic a l ly ,  the  Extended XDS FORTRAN IV (52) has 

been used. Th is  ve rs io n  o f  FORTRAN has some fe a tu re s , no t a v a ila b le
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in  s tandard FORTRAN IV , which a llow ed e f f i c ie n t  data m an ipu la tion  down
• I /  '

to  the  b i t  le v e l . T h is  is  re a liz e d  by us ing  the  in - l in e  assembly 

fe a tu re  o f . XDS FORTRAN, in  which assembly language sta tem ents can be 

in c lud ed  in  th e  FORTRAN program (52 , 54 ). I n - l in e  assembly language 

sta tem ents are  id e n t i f ie d  by an S in  th e  f i r s t  column o f  the  card 

(re co rd  in  g e n e ra l) .  T h is  in - l in e  assembly makes i t  p o s s ib le  to  do 

b i t  and byte  m a n ip u la tio n  ve ry  e f fe c t iv e ly  w ith o u t th e  need to  c a l l  

le n g th y  FORTRAN s u b ro u tin e s . Th is  c a p a b i l i t y  no t o n ly  save tim e in  

w r i t in g  these FORTRAN s u b ro u tin e s , bu t a lso  made i t  p o s s ib le  to  have 

a reasonable  s iz e  s im u la to r  program (25-40 K w ords). The 25K words 

o p tio n  can run on most general purpose (GP) computers w ith o u t o v e r la y .

A 3-D machine program c o n s is ts  o f  a m ix tu re  o f  o p e ra tio n a l 

in s t r u c t io n s  and FORTRAN sta tem en ts . The o p e ra tio n a l in s tru c t io n s  

c o n tro l execu tion  w ith in  the  a rra y  w h ile  the  FORTRAN in s tru c t io n s  

g ive  program s tru c tu re  through DO lo o p s , FOR and WHILE s ta tem en ts , 

a r ith m e tic  and lo g ic a l IF  s ta te m en ts , in d e x in g , c o u n tin g , e tc .  As 

an example, the  s e t o f  statem ents

F DO 15 1 = 1 , 7

(Group o f  o p e ra tio n a l in s t ru c t io n s )

- F 15 CONTINUE
F

w i l l  cause seven execu tions  o f  the  o p e ra tio n a l in s t r u c t io n  group.

FORTRAN sta tem ents in  SIM3DMIX are  id e n t i f ie d  by the  ch a ra c te r 

1F1 in  column I and th e y  must have t h is  c h a ra c te r. F a ilu re  to  in s e r t



the 1F 1 w i l l  r e s u l t  in  an e r ro r  message. Th is r e s t r ic t s  FORTRAN 

la b e ls  to  columns 2 th rough  5 bu t is  n o t expected to  pose any problem. 

Statem ents I th rough  9999 should be s u f f ic ie n t .  A ls o , s ince  SINI3DMIX 

e v e n tu a lly  produces a program e n t i r e ly  in  FORTRAN, la b e ls  cannot be 

d u p lic a te d  on FORTRAN statem ents and o p e ra tio n a l in s t r u c t io n s .  Any 

la b e l can be used o n ly  once in  a program. Th is a llo w s  an o p e ra tio n a l 

in s t r u c t io n  to  be tre a te d  th e  same as a FORTRAN sta tem ent in  th a t  i t  

has a d is t in c t  la b e l and can be the  o b je c t o f  a branch o r the te rm in a l 

sta tem ent o f  a DO lo o p , e tc .

Comments can be in s e rte d  in  th e  program through the  usual method 

o f  p la c in g  a 1C1 in  column one. They w i l l  appear unchanged in  the 

t ra n s la te d  program.

3 .4  Program O rg a n iza tio n  and System C ons ide ra tions

A genera l 3-D machine has been described  so f a r ,  w ith  an i x j  . 

a rra y  o f  c e l ls ' in  th e  MP w ith  k p lanes in  the  MG. As f a r  as a p ro ­

gram to  implement th a t  machine s im u la tio n  is  concerned, some d e c is io n  

on i ,  j , and k had to  be taken .

SIM3DMIX as presented in  Appendix C and as has been run on the 

Sigma 7 com puter, is  an in te r p r e te r  s im u la to r  fo r  a 3-D machine made 

up o f :

I .  A MC which is  a .s ta c k  o f  16 M P's, each MP is  a 16x16 a rra y  

o f  . c e l ls .  Each c e l l  co n ta in s  MRl and MR2 r e g is te r s ;  each

115



i f  a f u l l  word r e g is te r  (32 b i t s ) . An MRC r e g is te r  fo r  

each c e l l  s to re s  a m etapa tte rn  ins tead  o f  connection gates 

s e t t in g s .  A m etapa tte rn  is  the  r e s u lt  o f  a p p ly in g  a sp e c ia l 

su b ro u tin e  (SUBROUTINE PACK o f  Appendix C) to  the  conn­

e c t io n  codes. SUBROUTINE PACK f in d s  the source re g is te r  

f o r  the  p a r t ic u la r  r e g is te r  under c o n s id e ra tio n  i f  any 

e x is ts .  The s to re d  in fo rm a tio n  in  MRC as implemented in  

the  s im u la tio n  ( th is  is  d i f f e r e n t  from MRC o f  the  3-D 

machine i t s e l f  due to  the  d iffe re n c e , between gate le v e l 

design and r e g is te r  le v e l s im u la t io n ) ,  c o n s is ts  o f  8 

bytes packed as fo llo w s :  

byte  I : is  the  source row address f o r  MRl.

byte  2 : is  the  source column address fo r  MRl.

byte  3: is  th e  source row address f o r  MR2.

byte  4 : is  the  source column address fo r  MR2.

byte  5 : is  the  CN.

byte  6 : is  th e  most s ig n i f ic a n t  p a r t  o f  the  ALOC.

byte  7: is  the  le a s t  s ig n i f ic a n t  p a r t o f  the  ALOC.

byte  8 : is  unused.

An MRT r e g is te r  f o r  each c e l l  is  p rov ided as a tem porary sto rage  

lo c a t io n .
:

2. An IOP capable o f  I/O  o p e ra tio n s  accord ing  to  the  s im p les t 

scheme describ ed  in  Chapter 2 .3 . Th is  IOP has a 16x16 

a rra y  o f  re g is te rs  s im ila r  to  the MRT re g is te rs  in  the MC.
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3. A CP o f  a 16x16 a rra y  o f  computer c e l ls .  Each c e l l  has 

two re g is te rs  CPA and CPQ in  a d d it io n  to  th e  t ra n s fe r  

r e g is te r  CPB. The ALO's go accord ing  to  th e  CP d e s c r ip tio n  

in  Chapter 2.

4. A CR s e c tio n  as a s tack  o f  10 c o n tro l r e g is te r  p lanes.

Each CR p lane is  a 16x16 a rra y  o f  c o n tro l words id e n t ic a l 

to  the  MRC words.

.T yp ica l runs o f  the  program in d ic a te  the  need f o r  between 

35-40 K words o f  core memory in  a d d it io n  to  the  requ irem en t o f  w r i t in g  

some s c ra tc h  d is k  f i l e s  in  th e  SIM3D-to-F0RTRAN t ra n s la t io n  stage 

o f  c o m p ila t io n . .

By reduc ing  the  s iz e  o f  the  MC to  8 p lanes o f  8x8 c e l ls  each 

and us ing  8 CR p la n e s , th e  core  memory re q u ire d  to  run SIM3DMIX 

can be reduced to  22-27 K words.

SIM3DMIX does n o t s im u la te  th e  gate le v e l o f  th e  3-D machine; 

n e v e rth e le s s , i t  g ives  an in d ic a t io n  o f  th e  f e a s ib i l i t y  o f  b u ild in g  

th e  3-D machine. The r e g is te r  t ra n s fe r  le v e l which is  the  theme o f  

t h is  th e s is  is  ve ry  w e ll implemented in  SIM3DMIX.

3 .5  Use o f  the  S im u la to r

The 3-D s im u la to r  opera tes in  a two-pass sequence: ( I )  Mixed

o p e ra tio n a l in s t r u c t io n s  and FORTRAN statem ents are t ra n s la te d  to  

an e q u iv a le n t FORTRAN program; and (2) the  e q u iv a le n t program is
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executed. The t r a n s la t io n  is  accom plished through c a l l in g  a load 

module names SIM3D and in p u t t in g  the  3-D program com plete w ith  da ta . 

Th is  in p u t can be in  the  form  o f  c a rd s , te le ty p e  re c o rd s , o r  a p re ­

co n s tru c te d  f i l e  s to re d  on d is k  o r  ta p e . No m a tte r what the  3-D 

program source , SIM3D w i l l  c re a te  th re e  a d d it io n a l f i l e s :  one o f

the  o r ig in a l 3-D program (com plete w ith  d a ta ) ,  one o f  the  tra n s ­

la te d  program and one o f  th e  data s e c tio n  o f  the  o r ig in a l 3-D 

program.

The o r ig in a l program f i l e  is  c rea ted  s o le ly  as a convenience 

to  the  use r. A f te r  SIM3D has produced the  tra n s la te d  program and 

assoc ia ted  data f i l e s ,  i t  is  no t necessary th a t  they  be im m ediate ly 

executed. The user w i l l  have a reco rd  o f  the  o r ig in a l program and 

data se t as t h is  o r ig in a l f i l e  is  the  f i r s t  p r in te d  o u tp u t th a t  

occurs upon execu tion  o f  the  t ra n s la te d  program.

The t ra n s la te d  program is  a s e t o f  FORTRAN statem ents o f the 

o r ig in a l program. (T h is  package o f  FORTRAN sub rou tines  e x is ts  in  a 

separa te  f i l e  c a lle d  SUBP whose proper re fe rences  w i l l  appear la te r )  

In c re a t in g  t h is  s e t o f  su b ro u tin e  c a l ls ,  SIM3D e x tra c ts  the  in s tru c  

t io n  ty p e , re g io n  o f  a c t i v i t y ,  source and d e s t in a t io n ,  c a n c e lla t io n  

code, in s t r u c t io n  la b e l and ALOC from  each o p e ra tio n a l in s t r u c t io n ,  

and c o n s tru c ts  one FORTRAN c a l l  per o p e ra tio n a l in s t r u c t io n .  A t 

execu tion  t im e , the  su b ro u tin e  w i l l  perfo rm  the a c tu a l s im u la tio n .

The data s e c tio n  o f  the  o r ig in a l 3-D program is  s tr ip p e d  o f f  
/ '
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by SIM3D and pu t unchanged in to  a separa te  f i l e  to  be used as data 

in p u t a t  .execu tion  tim e .

W ith in  SIM3D, the DCB assignments a re : F:110 fo r  the  o r ig in a l

f i l e ;  F:109 f o r  the  tra n s la te d  program f i l e ;  and F:115 fo r  the data 

f i l e .  In  the  sample s e t o f  c o n tro l and program s ta te m en ts , these 

assignments w i l l  be shown.

3 .6  T y p ica l Program Arrangements

Commands f o r  execu ting  the program from remote te rm in a l d i f f e r  

somewhat from  those re q u ire d  f o r  batch mode e x e c u tio n , and th e re ­

fo re  two se ts  o f  reco rds f o r  program execu tion  are shown in  Tables

3 .2  and 3 .3 . Each command se t is  in  tu rn  d iv id e d  in to  two subse ts , 

one re q u ire d  f o r  t r a n s la t io n  and the o th e r fo r  e xe cu tio n . For te rm in a l 

e x e c u tio n , i t  is  assumed th a t  a 3-D program has been c rea ted  under . 

EDIT o r by s im ila r  means and th a t  i t  is  in  a f i l e  named SIMS. I t  is  

a ls o  assumed th a t  o u tp u t is  des ire d  on the  l in e  p r in te r .  I f  lo c a l 

te le ty p e  o u tp u t is  d e s ire d , om it th e  !SET F:108 LP command in  te rm in a l 

e x e cu tio n . . . .



1 2 0

Table

T ra n s la tio n
Segment

Execution
Segment

.2 Execution V ia Card In p u t

!JOB XXX,NAME,PRIORITY.

!L IM IT  (TIM E,1 0 ) , (U 0 ,200), (LO,2 0 0 ) , (CORE,40) 

!ASSIGN F :1 0 9 ,(F IL E , SIMLOAD) ,  (OUT),(SAVE) 

!ASSIGN F :110, (F ILE , SIMPROG),(OUT),(SAVE) 

!ASSIGN F:115,(FILE,DATA),(OUT),(SAVE)

!RUN (LMN,SIM3D,667)

(The 3-D Program)

!ASSIGN M :S I, (FILE,SIMLOAD),(IN)

!ASSIGN F:110,(FILE,SIM PROG ),(IN )

!ASSIGN F :105 ,(F ILE ,D A T A ),(IN )

! FORTRAN LS,GO,S ,BC,SI

!LOAD (GO) (EF,(SUBP,6 6 7 ) , (EXEC)



1 2 1

T ra n s la tio n . 
Segment .

Execution
Segment

Table 3 .3  Execution Via Term inal

LOGON, XXX,NAME,PASSWORD 

!SET F :108 LP

!SET F :109 FILE/SIMLOAD;OUT;SAVE 

!SET F : l l 0 FILE/SIMPROG;OUT;.SAVE 

!SET F:115 FILE/DATA;OUT;SAVE 

!SET F:105 FILE/SIMS;IN 

!SIM3D 667

■ (th e  machine w i l l  re p ly  w ith  *EX IT*. 
may take  some t im e .)

!SET M:SI FILE/SIMLOAD;IN

!SET F:110 FILE/SIMPROG;IN

!SET F r !05 FILE/DATA;IN

!FORT SIMLOAD

OPTIONS > LS1GO1S,SC

!RUN $ , SUBP

(again the  machine w i l l  re p ly  w ith  
and may take  some tim e to  do s o .)

This

*EXIT*

!OFF
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4 . I General Remarks

» . A lthough th e re  is  no accepted o r standard means to  measure 

p a r a l le l  processor perform ance, th e o re t ic a l es tim a tes o f  execu tion  

tim e  o f  c e r ta in  m a tr ix  o r ie n te d  problems are  in d ic a t iv e  o f  p a ra l le l 

p rocessor perfo rm ance. In  t h is  sense, the  3-D machine is  more e f fe c t iv e  

than i t s  predecessors in  execu ting  m a tr ix  o r ie n te d  problems i f  the 

d i f f e r e n t  p lanes o f  th e  machine are  o p e ra tin g  in  an ove rla p p in g  

fa s h io n , even w ith  e s s e n t ia l ly  unchanged a lg o r ith m s . The th re e  fu n ­

damental m a tr ix 'o p e ra t io n s  o f  t ra n s p o s it io n ,  m u l t ip l ic a t io n ,  and in ­

ve rs io n  w i l l  be d e sc rib e d . For these o p e ra tio n s  on nxn a rra ys  using 

n on -o ve rlapp ing  a lg o r ith m s , execu tion  tim e  o f  the  3-D machine is  

p ro p o r t io n a l to  n compared to  n^ in  the  case o f  an e q u iv a le n t s e r ia l 

machine. A fa c to r  g re a te r  than one to  one improvement in  execu tion  

tim e  over the  M ulder machine re s u lts  from  sepa ra ting  the  I /O , data
o'

t r a n s fe r ,  and com puta tion . For a problem which uses x% o f  the  execu tion  

tim e do ing  I/O , y% do ing  data t r a n s fe r ,  and z% do ing com puta tion , 

the  3-D machine execu tion  tim e  cou ld  be as low as the  maximum o f  

(x ,  y ,  z ) % compared to  a 100% fo r  the  M ulder machine. In  the  fo llo w in g  

se c tio n s  some p a r a l le l  a lg o r ith m s  are d e scrib ed . L is t in g s  o f  p ro ­

grams to  implement them and execu tion  summaries are in  th e  appendices.

4 .2 . M a tr ix 'T ranspose A lg o r ith m  (MTA)

The MTA assumes th a t  the  m a tr ix  is  s to red  in  a s e t o f  MRl
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re g is te rs  in  a n a tu ra l o rd e r ,  i . e .  an nxm m a tr ix  is  s to re d  in  a 

s e t o f  nxm con tiguous c e l ls .  The m a tr ix  described he re in  is  assumed 

to  be an nxn m a tr ix ,  a ltho ugh  the  MTA a lg o r ith m  is  g e n e ra lly  

a p p lic a b le  to  non-square m a tr ic e s . A g ra p h ica l re p re s e n ta tio n  des­

c r ib e s  the  t ra n s fe rs  which take  p la c e .d u r in g  the  t ra n s p o s it io n  

process. See F igures 4 .1 ,  4 .2 ,  4 .3 ,  4 .4 ,  4 .5 . In t h is  re p re s e n ta tio n  

an 1X 1 in  a c e l l  means the  element in  th a t  c e l l  is  in  th e  proper 

lo c a t io n  and is  to  be u n d is tu rb e d ; a 1D1 means th a t  th e  element is  

to  in te rchange  p o s it io n  w ith  the  s y m e tr ic a lly  lo ca te d  elem ent on 

the  m inor d iagona l th rough th a t  m inor d ia g o n a l's  bus ( i . e .  an i ,  j  

elem ent in te rchanges p o s it io n  w ith  the  j , i  e lem en t); and 1O1 

means th a t  an it, j  e lem ent is  transposed through a h o r iz o n ta l then 

v e r t ic a l  (o r  v e r t ic a l  then h o r iz o n ta l)  bussing where the  d ire c t io n  

change from  one bus to  the  o th e r is  through the f i r s t  1X 1 encountered.

4 .2 .1  The A lg o r ith m

Th is  a lg o r ith m  describes  how to  w r ite  in tra p la n e  connection 

p a tte rn s  to  accom plish a t ra n s p o s it io n .  The number o f  connection 

p a tte rn s  re q u ire d  to  transpose an nxn m a tr ix  is  equal to  j" (n - l ) / 3 j  

where the  s y m b o ls |" |s ig n ify  the  in te g e r  c e i l in g  fu n c t io n ,  de fined  

as the  s m a lle s t in te g e r  g re a te r  than th e  f lo a t in g  p o in t  number 

enclosed .

The a lg o r ith m  re q u ire s ( n - l ) / 3  cyc le s  o f  in tra p la n e  tra n s -
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fe rs  compared to  n2 -  n cyc le s  in  th e .e q u iv a le n t s e r ia l machine 

( th is  f ig u re  does n o t in c lu d e  th e  s e r ia l machines bookkeeping tim e 

f o r  a rra y  in d e x in g ) . The MTA proceeds as fo llo w s :  

s tep  0: k •<- 0

s tep  I :  For each row , in te rchange  the  two elements to  the

r ig h t  o f  the  la s t  X in  th a t  row in  the  D. sense.

„ The t h i r d  element is  in te rchanged in  th e  0 sense.

s tep  2 : k <- k + I ;  i f  k < j l n - l j / s j  go to  s tep  I ;  o th e r­

w ise done.

F igures 4.1 to  4 .5  show the  schem atic o f  the  successive 

cyc le s  o f  the  MTA. F ive CR w ords/e lem ent are e s s e n tia l to  have a 

p re s to re d  MTA s u f f i c ie n t  to  transpose m a trice s  up to  16x16.

Appendix D is  a l i s t i n g  o f  th e  MTA fo r  a 4x4 m a tr ix .  A 

genera l program fo r  an nxn m a tr ix  is  obv ious.

4 .3  M a tr ix  M u lt ip l ic a t io n  A lg o r ith m  (MMA) .

The MMA proposed is  a ve rs io n  o f  the  MMA presented by Rudberg 

in  1968 (4 0 ). I t  re q u ire s  a number o f  execu tion  cyc le s  p ro p o rt io n a l 

to  n f o r  an mxn m a tr ix  A m u lt ip l ie d  by an nxp m a tr ix  B. Th is  in  con 

t r a s t  to  a requ irem en t p ro p o rt io n a l to  n cyc les  fo r  the  e q u iv a le n t 

s e r ia l machine.
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Figure 4.1 F ir s t  Step o f M atrix  Transpose Data Flow.
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Figure 4.2 Second Step o f M a trix  Transpose Data Flow.
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Figure 4.3 Th ird  Step o f M a trix  Transpose Data Flow.
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4 .3 .1  The A lg o r ith m

The MMA assumes th a t  m a tr ix  A was p re v io u s ly  s to re d  in  the 

MRl r e g is te rs  o f  a g iven MP in  n a tu ra l o rd e r and th a t  m a tr ix  B is  

s to re d  in  th e  MR2 re g is te rs  o f  the  same plane in  n a tu ra l o rd e r. The 

a lg o r ith m  is  as fo llo w s :  

s tep  0: k-t-1.

s tep  I :  T ra n s fe r the  f i r s t  column o f  A to  an unassigned MP

to  form  a column subm atrix  and the  f i r s t  row o f  B to  

the  same MP to  form  a row subm atrix , 

s tep  2 : T ra n s fe r the  column subm atrix  o f  A found in  step I o f

th e  MP and lik e w is e  th e  row subm atrix  o f  B to  n rows 

o f  th a t  same MP as shown in  F igure 4 .6 . 

s tep  3: T ra n s fe r the  MP o f  s tep  2 to  the  CP and perform  a

. ganged m u lt ip l ic a t io n  o p e ra tio n . Add the  r e s u lt  o f
• ■

m u lt ip l ic a t io n  in  each c e l l  to  a r e g is te r  in  each c e l l  

o f  the  CP which are  tre a te d  as accum ula to rs , 

s tep  4 : S h i f t  m a tr ix  A one column to  the  l e f t  and m a tr ix  B

one row up as shown in  F igure  4 .7 . 

s tep  5: k-6-k+l; i f  k < n go to  s tep  I ;  o the rw ise  done.

The con ten ts  o f  the  accum ulators in  the CP are the  product C
'

o f  A and B.

Appendix E is  a l i s t i n g  o f  a program to  implement the  MMA on 

SIM3DMIX. A summary o f  r e s u lts  is  in c lu d e d .
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Figure 4.6 Step 3 o f MHA



133

Figure 4.7 Step 4 o f MMA
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4 .4  M a tr ix  In v e rs io n  A lg o r ith m  (MIA)

A p a r a l le l  ve rs io n  o f  the  Gauss-Jordan m a tr ix  in v e rs io n  

a lg o r ith m  (16) has been w r it te n  and te s te d . I t  is  recogn ized as 

being f a r  from  th e  most e f fe c t iv e  use o f  3-D machine resources fo r  

such an o p e ra tio n . The number o f  execu tion  cyc le s  is  p ro p o rt io n a l 

to  n in  th e  case o f  an nxn m a tr ix ,  c o n tra s t in g  w ith  an n^ f ig u re  fo r  

the  e q u iv a le n t s e r ia l machine. The MIA can a lso  f in d  th e  s o lu tio n  

o f  a s e t o f  s im ultaneous l in e a r  equa tions w ith  no execu tion  tim e 

p e n a lt ie s .

4 .4 .1  The A lg o r ith m

For th e  s o lu t io n  o f  n s im ultaneous l in e a r  equa tions and the 

assoc ia ted  problem o f  f in d in g  the  in ve rse  o f  t h e i r  c o e f f ic ie n t  m a tr ix ,  

assume th a t  an n x (2 n + l)  a rra y  o f  c e l ls  o f  the  3-D machine is  a v a ila b le  

on each o f  th re e  MP1s. Assume th a t  the  s e t o f  equa tions is  s to red  in  

the  f i r s t  n x (n + l)  p o r t io n  o f  the  a r ra y  and the  id e n t i t y  m a tr ix  I in  

the  second nxn p o r t io n ,  i . e . ,  the  a rra ys  should be o rgan ized in  the 

MP as fo llo w s :

aH  a12 ..................aIn

a21 a22 .................. a2n

an l , an2

xI I O .,........O

X2 O I ........O

. . . .
• • " •
• • • •
• . • •

V
O O ..........I
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These elements are  i n i t i a l l y  s to re d  in  the  MRl re g is te rs  o f  

MPl. The case o f  a zero p iv o t  ( i . e .  a ^  = 0) is  recogn ized and 

handled by in te rc h a n g in g  two rows and two columns o f  the  a rra y  as 

described  in  th e  a lg o r ith m . The a lg o r ith m  is  as fo llo w s :  

s tep  0: k -e- 0

step  I :  . T ra n s fe r MPl to  MP2.

step  2 :  I f  ai i  o f  MP2 is  zero in te rchange  the  f i r s t  two rows

and in te rchange  column n+2 and n+3. 

s tep  3: T ra n s fe r a ^  o f  MP2 to  a l l  MR2 re g is te rs  o f  the f i r s t

row.

s tep  4 : In  MP2 t ra n s fe r  a l l  MR2 re g is te rs  o f  the  f i r s t  row

to  a l l  MR2 re g is te rs  o f  a l l  rows o f  th e  a rra y , 

s tep  5: D iv id e  the  con ten ts  o f  the  MRl re g is te rs  by the con­

te n ts  o f  t h e i r  co rrespond ing  MR2 re g is te rs  and re tu rn  

the  r e s u l t  to  ano the r MPj e .g . MP3, 

s tep  6: For MP3 propagate the  con ten ts  o f  the  MRl re g is te rs  o f

a l l  rows except f o r  the  f i r s t  row to  th e  MR2 re g is te rs  

o f  the  same row. M u lt ip ly  the con ten ts  o f  a l l  c e l ls  

except f o r  the  c e l ls  o f  the  f i r s t  row. 

s tep  7 :  T ra n s fe r th e .c o n te n ts  o f  a l l  MRl r e g is te rs  o f  MP3 

d i r e c t ly  to  the  MR2 re g is te rs  o f  the  same c e l ls ;  

s u b tra c t the  MR2 re g is te r s  o f  MP3 from  the  con ten ts  

o f  th e  MRl re g is te rs  o f  MP2 and s to re  the  re s u lts



step  8 : In  MP2, in te rchange  th e  MRl re g is te rs  o f  the  f i r s t

column w ith  column k + 2 and in te rchange  the  MRl 

re g is te rs  o f  the  f i r s t  row w ith  row k + 2.

s tep  9: k <- k + I ;  i f  k < n go to  step 2 ; o the rw ise  done.

The MRl re g is te rs  o f  columns l , 2 , . . , n  o f  MP2 co n ta in s  the I 

m a tr ix ,  column n+1 o f  MP2 co n ta in s  the  s o lu tio n s  fo r  th e  se t o f

e q u a tio n s , and columns n+2, n+3........... 2n+l con ta ins  the  m a tr ix

in v e rs e .

Appendix F is  a l i s t i n g  o f  a program to  implement the  MIA 

on SIM3DMIX., a summary o f  the  re s u lts  is  in c lu d e d .

4 .5  Search fo r  a Maximum o r  a Minimum Element o f  an A rra y , A lg o rith m  

(MMESA)

The a lg o r ith m  described  here is  organ ized in  such a way as to  

g ive  a search tim e  independent o f  th e  s iz e  o f  the  a rra y  under search. 

T h is  a lg o r ith m  is  w r it te n  to  be d i r e c t ly  implemented in  hardware.

The m otive  behind t h is  a lg o r ith m  is  th e  ra p id  s o lu t io n  o f  m in i­

m iz a tio n  a lg o r ith m s  (3 7 ). A microprogrammed search p rocessor is  

d i r e c t ly  a ttached  to  th e  CP o f  the  3-D machine which can be in i t ia t e d  

d i r e c t ly  by the  s u p e rv is o ry  machine to  f in d  the maximum o r the m in i­

mum o f  an a rra y  which has been a lre a d y  t ra n s fe r re d  to  th e  CP. The 

a lg o r ith m  re q u ire s  th a t, the  CPA re g is te rs  can fu n c t io n  as l e f t
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c ir c u la r  s h i f t  re g is te rs  and th a t  a f la g  (an R-S f l i p - f l o p )  e x is ts  

fo r  th e  c o n d it io n  o f  each CPA r e g is te r .

Data should be represented in  a 2 's  complement f lo a t in g  p o in t 

form  fo r  th e  a lg o r ith m . The a lg o r ith m  can be m od ifie d  to  accomodate 

o th e r forms o f  data re p re s e n ta t io n . A mask m a tr ix  which is  p a r t  o f  

the  c a n c e lla t io n  s t ru c tu re  o f  the  3-D machine is  assumed (p re v io u s ly  

described  in  S ec tion  3 .1 ) ;  Any element in  the  a rra y  which is  no t to  

be in c lu d e d  in  the  search is  dec la red  so by s to r in g  a 0 in  the lo c a tio n  

in  the  mask m a tr ix  co rrespond ing  to  th a t  e lem ent. SHIFT ( k , I )  

in d ic a te s  th a t  b i t  lo c a t io n  k o f  word I  is  loaded in  th e  most s ig ­

n i f i c a n t  lo c a t io n  in  th e  s h i f t  r e g is te r  to  be processed (on the  l e f t  

e n d ). FLAG(I) is  th e  f la g  correspond ing  to  word I o f  th e  a rra y .

An nxm a rra y  is  t ra n s fe r re d  to  a l in e a r  one by using th e  index 

r e la t io n :

I = j  + ( i - 1 )  x m

4 .5 .1  The, A lg o r ith m

step  0: I f  f o r  some I ,  SHIFT (1 ,1 )  = 0 ;  THEN fo r  a l l  I ,

•’ MASK ( I )  (SHI FT ( I ,  I )  a MASK(I).

s tep  T: k <- 2

step  2 : FLAG(I) (S H IF T (K J) ft MASK(I) 

s tep  3: IF  f o r  a l l  I ,  FLAG(I) = 0 ; THEN f o r  a l l  I ,  FLAG(I) 

M ASK(I), k + k + l, go to  s tep  I .
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step  4 : IF  z FLAG(I) = I go to  s tep  5 ; o the rw ise

a l l  I

MASK(I) «- FLAG(I) a  M ASK(I); k<-k+l 

s tep  5 : .  IF  k=32 th e re  is  more than one element w ith  value 

equal to  the  maximum, take  the  one w ith  the  le a s t  . 

index I  as the  maximum, go to  step 5 ; o the rw ise  go 

to  s tep  I .

s tep  6 : Done w ith  I  th e  index o f  the  maximum elem ent.

The maximum o f  th e  a rra y  is  con ta ined  in  CPA ( k , j ) where I 

= j  + ( k -1 ) .  By i n i t i a l l y  a p p ly in g  the  complement o p e ra tio n  on the 

a r ra y ,  the  a lg o r ith m  can f in d  the  minimum element o f  an a rra y . 

SUBROUTINE SRCH o f  Appendix C is  a FORTRAN im plem enta tion  o f  the 

MMESA.
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OF THE 3-D COMPUTER
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5.1 In tro d u c tio n

A f a u l t - t o le r a n t  design is  a ve ry  in vo lve d  prob lem , m a n ife s tin g  

i t s e l f  in  both the  hardware and so ftw are  design o f  the  3-D machine, 

reach ing  from  th e  lo g ic  gates th rough the  o p e ra tin g  system. Since . 

the  o b je c t iv e  o f  t h is  th e s is  is  to  d e sc rib e  the  r e g is te r - t r a n s fe r -  

le v e l d e s ig n , w ith  p a r t ia l  gate le v e l design fo r  o n ly  nonconventional 

p a rts  l i k e  th e  memory cube, th is  Chapter on f a u l t - t o le r a n t  design and 

o p e ra tio n  should be considered  more o f  a g u id e lin e  f o r  fu tu re  research 

ra th e r  than a f in a l  d e c is io n . In  what fo llo w s  q u a n t it iv e  a n a ly s is  is  

avoided which can be found in  References I ,  3 , 10, 11, 19, 21, 28, 36, 

and 46.

5 .2  The N ecess ity  o f  Redundancy

F a u lt - to le ra n t  computing can be de fin e d  as th e  process o f  

p roducing  r e l ia b le  r e s u lts  us ing  n o n - re l ia b le  c i r c u i t s  o r  n o n -re lia b le  

da ta . Th is  is  in  c o n tra s t to  in fo rm a tio n  th e o ry  which assumes the  use 

o f  r e l ia b le  c i r c u i t s  on n o n - re lia b le  in p u t in fo rm a tio n . F a u lt - to le ra n t  

com puting is  e s s e n tia l f o r  the  3-D machine o p e ra tio n  f o r  the  fo llo w in g  

reasons:

I .  I t  is  d e s ira b le  i f  g ra c e fu l deg rada tion  o f  performance is  

a t ta in e d . G race fu l deg rada tion  means th e  c a p a b i l i t y  o f  

the  machine to  keep execu ting  the  jo b  a t  low er and lower 

speeds as more and more hardware f a i l s  u n t i l  t h is  f a i l in g



hardware is  rep laced  o r the  problem has been so lved . This 

g ra c e fu l deg rada tion  is  o n ly  p o s s ib le  th rough hardware 

and so ftw a re  redundancy. Th is  is  in  c o n tra s t to  the in ­

e la s t ic  o r  c a ta s tro p h ic  f a i lu r e  l im i t s  e x h ib ite d  by o th e r 

modes o f  f a u l t - t o le r a n t  o p e ra tio n  ( I ,  3 , 27, 35 ).

2. The 3-D machine cou ld  be lo ca te d  in  p laces th a t  preclude 

manual re p a ir  when needed.

3. As a re a l- t im e  c o n tro l processor the  3-D machine has ample 

hardware co m p le x ity  which makes the  machine l ia b le  to  f a i l  

more o fte n  than a s im p l is t ic  machine. One way to  increase 

the  mean tim e  between fa i lu r e s  is  through redundancy.

4 . The p e n a lt ie s  f o r  f a u l t  in c u rre d  in  c e r ta in  machine 

a p p lic a t io n s  can be ve ry  s e r io u s .

5 .3  Remarks on F a u lt-T o le ra n t Techniques

In  th e  e a r ly  days o f  computers h ig h ly  r e l ia b le  components were . 

emphasized to  improve system r e l i a b i l i t y .  I t  is  an approach which may 

co n tin ue  f o r  years (36) bu t is  no t a so le  a l te r n a t iv e .

Hardware redundancy was in tro d u ce d  by Von Neuman (46) in  1956. 

Hardware redundancy s im p ly  means th e  use o f  e x tra  p a rts  so systems 

can opera te  c o r re c t ly  w ith  some p a rts  f a i l i n g  before  system ope ra tion  

s ta r ts  to  degrade. Very few o f  the  hardware redundancy techniques 

are such th a t  the  deg rada tion  is  g ra c e fu l.



Softw are redundancy may be in c lud ed  whenever system tim in g  

p e rm its  ( th e  main concenr here is  about re a l tim e a p p lic a t io n s ) .  

Softw are redundancy in c lu d e s  m u lt ip le  s o lu tio n s  and ro l l - b a c k  

methods (1 1 ).

5 .4  Hardware Redundancy Methods

A t d i f f e r e n t  le v e ls  o f  the  system , d i f f e r e n t  redundancy methods 

are used; o f  these th e  fo llo w in g  two methods are d e sc rib e d :

1. P a r i ty  checking and in fo rm a tio n  cod ing .

2. V o ting  and d e c is io n  d e v ices .

5 .4 .1  P a r i ty  Checking and In fo rm a tio n  Coding

E rro r c o r re c t io n  can be accomodated by appending an a p p ro p ria te  

number o f  e r ro r  c o r re c t in g  b i t s  (21) to  the  data word. As an example 

a 3 2 -b it  data word re q u ire s  s ix  b i t s  f o r  a s in g le -e r ro r - c o r re c t in g  

Hamming code (2 1 ). In  g e n e ra l, the  r e la t io n  between th e  number o f  

in fo rm a tio n  b i t s  n and th e  number o f  c o r re c t io n  b i t s  k f o r  s in g le  

e r ro r - c o r re c t in g  code is  (21)

2n > n+k+1

Table 5.1 p resen ts  the  s m a lle s t number o f  c o r re c t in g  b i ts  fo r  

seve ra l va lues  o f  n . M u lt ip le  e r ro r  d e te c t in g  a n d /o r c o r re c t in g  

codes are  d iscussed in  the  l i t e r a t u r e  on coding (20 , 21, 4 8 ).
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Table 5.1 Number o f  C o rre c tin g  B its  Required f o r  D if fe re n t  
Values o f  Word S ize .

In fo rm a tio n  B its  

n

E xtra  B its  

k

I 2

2 3

4 3

8 4

16 5

32. 6

64 7



5 .4 .2  V o tin g  and D ec is ion  Devices

V o ting  and d e c is io n  dev ices a re  dev ices which re c e iv e  th ree  

o r more in p u ts  and produce a s in g le  o u tp u t which agrees w ith  the 

m a jo r ity  o f  these in p u ts  in  the  case o f  m a jo r ity  v o t in g .  I f  any 

o th e r predeterm ined c r i t e r i a  f o r  v o t in g  is  used, a weighted vote ta k in g  

process takes p lace  which produces a weighted o u tp u t. The general 

case o f  vo te  ta k in g  produces an o u tp u t o f  the  form
n

U U = (W1 x X1 + w2 x x2 ........... + wn x xn ) /n  = 1_ z W1X.
n i= l  1

where:

U is  the  o u tp u t.

x-j. is  th e  i th  in p u t .

W1- i s  the  w e ig h tin g  fa c to r  f o r  in p u t i .

n is  th e  number o f  in p u ts .

Assuming th a t  components have th e  same e r ro r  p r o b a b i l i t y ,  a 

m a jo r ity  vo te  ( i.e .w -| .= W2 ------= wn = I )  is  the  best to  use.

The CP is  th e  subsystem where th e  Vote ta k in g  is  needed the 

m ost. T r ip le  Module Redundancy (TMR) (36) can be u t i l i z e d  unless 

more r e l i a b i l i t y  is  d e s ire d  in  which case N Module Redundance (NMR)

(36) can be used. Reference 36 co n ta in s  the  m athem atical a n a ly s is  

which p rov id es  the  p r o b a b i l i t y  o f  f a i lu r e  o f  a system in  the  general 

NMR case.

Assuming th a t  th e  vo te  ta k e r  is  a h ig h ly  r e l ia b le  d e v ice , a 

TMR o p e ra tio n a l s u b u n it o f  the  CP o r  any o f  i t s  processors should be
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as shown In  F igu re  5 .1 . Here A l ,  A2, AS are d i f f e r e n t  re p lic a  o f  the  

same s u b u n it a nd .B i,  B2, and BS are d i f f e r e n t  re p lic a  o f  the  ou tpu t 

o f  these subu n its  to  be processed th rough  the  next stage o f  the 

CP's u n i t .

A more com p lica ted  TMR s u b u n it (which assumes th a t  the  vote  

ta k e r  is  making e r ro rs )  should be as in  F igure  5 .2* A NMR system is  

shown in  F igu re  5 .3 . A NMR system having N vo te  ta k e rs  is  shown in  

F igure  5 .4 .

A genera l redundant system w ith  spare u n its  has been described 

in  re fe re n ce  36 w ith  a l l  the  m athem atical a n a ly s is .  I t  is  c a lle d  

a h y b rid  redundant system and is  denoted by HMR(NgI )  where:

HMR stands f o r  a H ybrid  Module Redundancy 

N is  th e  number o f  a c t iv e  modules 

I  is  th e  to ta l  number o f  modules in c lu d in g  spare u n its .

An HMR (3 ,5 )  is  shown in  F igu re  5 .5 .

5 .5  Softw are Redundancy Methods

A techn ique  which has been used w ith  general purpose computers 

and shows p o te n t ia ls  f o r  being used w ith  th e  3-D machine is  the R o ll­

back techn ique  (1 1 ). The idea behind ro l l - b a c k  as i t  is  in tended to  

be a p p lie d  to . the  3-D machine is  to  p a r t i t io n  any program in to  d i f f e r e n t  

p a r ts .  Each p a r t i t io n  o f  the  program is  te rm ina ted  by saving  a se t 

o f  param eters th rough  an I/O  process to  th e  secondary sto rage  system.
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Figure 5J  TMR Subunit
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Figure 5.2 TMR Subunit w ith  TMR Vote Takers.
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Figure 5.4 An NMR Subunit w ith  N Vote Takers.
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Figure 5.5 An HMR (3 ,5 ) Subunit.



In  case an e r ro r  is  encountered in  the  next p a r t i t io n  a r o ll-b a c k  

process w i l l  take  p la c e . R o ll in g  back re q u ire s  the  lo a d in g  o f  the la s t  

saved s ta te  o f  the  system.

The p e n a lty  pa id  in  us ing  a r o l l - b a c k  techn ique is  m anifested 

in :  I )  th e  e x tra  s to rage  re q u ire d  to  save the  s ta te  param eters o f  

th e  program , 2) th e  tim e spent in  s to r in g  the  s ta te  param eters a f te r  

th e  su cce ss fu l com p le tion  o f  the  p a r t i t io n  represented by th is  s ta te ,

3) the  tim e spent in  b r in g in g  th is  in fo rm a tio n  back to  the  3-D machine 

when an e r ro r  is  encountered, and 4) tim e  re q u ire d  to  re s to re  the 

3-D machine environm ent. Th is  in c lu d e s  such th in g s  as the  tim e to  

change c a n c e lla t io n  numbers o f  the  c e l ls  and to  decode the  c o n tro l 

w ord , e t c .

Program S ta tus  A rra y  o f  Words (PSAW) is  a to o l which proves to  

be h e lp fu l in  so ftw are  debugging. For GP com puters, two words are 

s u f f i c ie n t  to  d e sc rib e  th e  s ta tu s  o f  th e  c e n tra l p rocess ing  u n it  

(CPU) o f  most machines. The 3-D machine re q u ire s  more than two words 

as described  in  the  fo llo w in g  s e c t io n .

5 .5 .1  Program S ta tus  A rra y  o f  Words (PSAW)

I t  takes about two words to  d e sc rib e  the  s ta tu s  o f  the  CPU o f  

a GP com puter, e .g . the  Sigma 7 com pute r's  program s ta tu s  double- 

word (52) (PSDW). An a rra y  o f  words is  re q u ire d  to  d esc rib e  the s ta tu s  

o f  the  3-D machine. Two words o f  the  a r ra y  describe  th e  s ta tu s  o f  the



s u p e rv is o ry  machine and are c a lle d  the  S uperv iso r Program S tatus 

Double-Word (SPSD). Another th re e  words describ e  the  3-D in s t ru c t io n  

s ta tu s  and in c lu d e  a p o in te r  to  a b lock  o f  32 words. These 32 words 

are cop ied from  a c o l le c t io n  o f  f l i p  f lo p s  c a lle d  the  c o n d it io n  codes 

(CONG is  th e  a b b re v ia t io n  to  be d is tin g q u is h e d  from  CC which is  

reserved  f o r  th e  c a n c e lla t io n  code). There are 256 CONC1s , one per 

c e l l  o f  th e  CP. Each CONC is  4 b i t s  lo n g , a llo w in g  16 d i f f e r e n t  

s ta te s  o f  th e  con ten ts  o f  the  CP c e l l  to  be recogn ized . Those c u r re n t ly  

used are  p o s i t iv e ,  n e g a tiv e , and ze ro . O ther c o n d it io n s  such as o ve r­

f lo w  and und e rflow  can be inc luded  as a p p ro p ria te . F igu re  5 .6  shows 

the  PSAW f o r  the  3-D m achine. A l i s t i n g  o f  the  meaning o f  the  d i f f e r e n t  

f ie ld s  o f  th e  PSAW fo llo w s  (The SPSD is  taken from  the  Sigma 7 

re fe re n ce  manual) (5 6 ).

CONC S u p e rv is o r 's  c o n d it io n  code. This g e n e ra lize d  4 b i t  

code in d ic a te s  the  na tu re  o f  the  r e s u lt  o f  an in s t ru c ­

t io n .  In  some o p e ra tio n s , o n ly  a p o r t io n  o f  the  con- 

. d i t io n  code is  in v o lv e d ; th u s , the  term  CONCl re fe rs  to  

th e  f i r s t  b i t  o f  th e  c o n d it io n  code, C0NC2 re fe rs  to  

the  second b i t ,  and so f o r t h .

0 Means unused o r  p a r i t y  b i t .

FS F lo a tin g  s ig n if ic a n c e  mode c o n tro l.

FZ F lo a tin g  zero mode c o n t r o l.

FN F lo a tin g  no rm a lize  mode c o n t r o l.
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MS M a s te r/s la ve  mode c o n t r o l . The .su p e rv iso r is  in

th e  m aster mode when t h is  b i t  is  I ; i t  is  in  the s iaye 

mode when th is  b i t  is  0.

MN S u p e rv is o r 's  memory map c o n t ro l.  An o p tio n a l memory map 

is  in  e f fe c t  when t h is  b i t  is  a I .

DM S u p e rv is o r 's  decimal mask.

AM S u p e rv is o r 's  a r ith m e tic  mask f o r  f ix e d  p o in t  a r ith m e tic  

o v e rf lo w .

IA S u p e rv is o r 's  in s t r u c t io n  address. T h is  1 7 -b it  f ie ld  

co n ta in s  th e  v i r t u a l  address o f  the  nex t in s t r u c t io n  

to  be executed.

WK S u p e rv is o r 's  w r ite  key. Th is  f ie ld  des igna tes the 

p ro te c t io n  c la s s  o f  th e  s u p e rv is o r 's  memory.

Cl S u p e rv is o r 's  coun te r in te r r u p t  group in h ib i t .

IO . . S u p e rv is o r 's  I/O  in te r r u p t  group in h ib i t .

EI S u p e rv is o r 's  e x te rn a l in te r r u p t  group in h ib i t .

RP S u p e rv is o r 's  r e g is te r  p o in te r  which s e le c ts  one o f  32

p o s s ib le  b locks o f  genera l re g is te rs  as th e  b lock c u r re n t.

IR The index o f  the  f i r s t  row o f  the a rra y  in  the  3-D 

machine on which the  3-D in s t r u c t io n  is  executed.

JR The index o f  the  la s t  row o f  the same a rra y .

IC The index o f  the  f i r s t  column o f  the  same a rra y .

JC The index o f  the  la s t  column o f  the same a rra y .



I I  The index o f  the  source plane in  the  3-D machine:

JJ The in d e x .o f  the  d e s t in a t io n  plane in  the  3-D machines.

CCl C a n c e lla t io n  code f o r  MRl r e g is te r  s e t.

CC2. C a n c e lla t io n  code f o r  MR2 r e g is te r  s e t.

CC3 C a n c e lla t io n  code f o r  th e  CP.

3-D op code The o p e ra tio n  code f o r  th e  3-D macro in s t r u c t io n  

to  be executed.

ALOC The o p e ra tio n  code fo r  ganged o p e ra tio n  o f  th e  CP. 

la b e l Is  a b in a ry  re p re s e n ta tio n  (mapping) o f  th e  decimal la b e l 

appended to  the  3-D in s t r u c t io n .

Address o f  CP's CONC a rra y  Is  th e  address o f  a 32 words b lock

which con ta ins  the  CONC o f  the CP. 

The PSAW is  a u se fu l to o l to  tra c e  the  source o f  e r ro r  when a 

jo b  is  a b o rted .

5 .6  Software/Hardware (H yb rid ) F a u lt-T o le ra n t Techniques P e rtin e n t 

to  the  3-D Machine O rga n iza tion  

The techn iques to  be described  are  p e c u lia r  to. the  3-D machine 

o rg a n iz a t io n . The f i r s t  techn ique  is  a h yb rid -b y -sub p la ne  redundancy 

method which is  s im ila r  to  hardware redundancy methods. I t  assumes 

th a t  each o f  the  subplanes ac ts  as a o n e -o u t-o f-n  s im ila r  hardware 

p rocesso rs .

The second techn ique  to  be considered is  the  h y b rid -b y -p la n e
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techn ique  and is  a p p lic a b le  to  problems fo r  which tim e o f  execu tion  

can be t r ip le d  o r m u lt ip l ie d  by n f o r  n > 3 w ith o u t g re a t p e n a lty .

In  t h is  case severa l s o lu tio n s  o f  the  problem are ob ta ined  from 

d i f f e r e n t  p lanes o f  the  MG. These planes should be in terw oven by 

the  program to  produce in te rm e d ia te  and f in a l  re s u lts  in  the a p p ro p r i­

a te  lo c a tio n s  to  be compared. A m a jo r ity  v o tin g  scheme is  assumed.

A d e s c r ip t io n  o f  both techn iques fo llo w s .

5 .6 .1  H y b rid-by-Subplane F a u lt-T o le ra n t Computing

The m o d u la r ity  o f  the  3-D machine a rc h ite c tu re  makes i t  p o s s ib le  

to  d u p lic a te  a problem in  the  3-D machine in  the same plane i f  the 

a rra y  s iz e  o f  the  problem is  le ss  than the  s ize  o f  the  p la n e , e .g . 

f o r  an n x n MP, and f o r  an n /2  x n /2  s iz e  problem , up to  4 copies 

o f  the same problem can be handled s im u ltan eous ly  us ing  a s in g le  

MP. I t  does no t take  e x tra  tim e to  execute a 3-D in s t r u c t io n  on the 

d u p lic a te s  o f  the  problem as long as a l l  the  d u p lic a te s  are in  the 

same p lane . Th is h y b rid  techn ique w i l l  re q u ire  e x tra  tim e  fo r  com­

p a rin g  the  d u p lic a te s  o f  the  problem whenever the program reaches a 

s u ita b le  s ta te  f o r  com parison. Th is  e x tra  tim e is  assumed to  be 

n e g lig ib le  compared to  the  to ta l  tim e  o f  execu tion  which the  problem 

takes . A m a jo r ity  vo te  is  used to  decide  on the r ig h t  s o lu t io n  a t 

the  check p o in t  in  the  program. Th is  r ig h t  s o lu t io n  should be p ro ­

pagated to  a l l  d u p lic a te s ,  and the  program co n tin u e s .
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5 .6 .2  H yb rid -by -P lan e  F a u lt-T o le ra n t Computing

A hyb rid -b y -su b p la n e  redundant system is  c h a ra c te r iz e d  by 

p a ra l le l execu tion  o f  a p a ra l le l o rgan ized se t o f  d u p lic a te  programs.

By the  same to ke n , a h y b rid -b y -p la n e  redundant system is  charac­

te r iz e d  by s e r ia l execu tion  o f  a p a ra l le l organ ized s e t o f  d u p lic a te  

program s.* Th is d e f in i t io n  im p lie s  a warning a g a in s t us ing  th is  

h y b r id -b y -p la n e  techn ique  un less i t  is  the  o n ly  a l te r n a t iv e  to  achieve 

a f a u l t - t o le r a n t  com puting dev ice .

For problems w ith  la rg e  s iz e  a rra ys  i t  becomes necessary to  

u t i l i z e  m ore.than one plane to  achieve the  re q u ire d  redundancy. By 

having data occupying more than one p la n e , not more than one in te rp la n e  

3-D o p e ra tio n  can take  p lace  s im u lta n e o u s ly , which accounts fo r  the 

s e r ia l execu tion  o f  the  in s t r u c t io n  in  d i f f e r e n t  p lanes . An example 

o f  in te rp la n e  3-D in s t ru c t io n s  which cannot be executed s im u ltan eous ly  

is  a s e t o f  TRAN in s tru c t io n s  because o f  p o ss ib le  data path c o n f l ic ts  

in  the in te rp la n e  t ra n s fe r .  Th is l im i ta t io n  does no t app ly  to  a l l  

3-D in s t r u c t io n s .  A h y b rid -b y -p la n e  redundant system, a lthough 

c h a ra c te r iz e d  by execu tion  o f  p a ra l le l organ ized program s, does some 

p a r a l le l execu tion  o f  the  programs whenever th is  p a r a l le l  execu tion  

does no t c re a te  any data path c o n f l ic t s .

E .g. more than one plane can be perfo rm ing  a conductive  tra n s ­

*  Each program on a s in g le  p lane .
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f e r  s im u lta n e o u s ly . As an example o f  h y b rid -b y -p la n e  redundant 

com puting,, assume th a t  a problem can be con fined  to  a s in g le  plane 

and due to  i t s  im portance i t  has to  be so lved using an N-redundancy 

scheme. Th is  means lo a d in g  N planes w ith  d u p lic a te s  o f  the  same 

d a ta . Assume th a t  the  problem can be solved in  M s te p s , and le t  f . ( i ) 

id e n t i f y  the  step o f  the  s o lu t io n  on the i* *1 p lane . F igure  5.7 

shows a f lo w  c h a r t  o f  the  succession o f  steps which take  p lace u n t i l  

the  c o r re c t  answer is  ob ta ined  recorded in  a l l  the  N p lanes.

5.7 F a u lt D e tec tio n  and D ia g n o s tic  Routines

5 .7 .1  F a u lt  D e tec tio n

There are severa l le v e ls  o f  e r ro r  d e te c tio n  acco rd ing  to  the 

le v e l o f  f a u l t - t o le r a n t  computing as exp la ined  b e fo re . Three o f 

these e r ro r  le v e ls  are presented n e x t. These a re :

1. P a r ity  e r ro r  d e te c t io n .

2. Vote d isagreem ent d e te c t io n .

3. Unsuccessful r o l l - b a c k .

5 .7 .1.1 P a r ity  E rro r  D e tec tio n

Using the  Hamming code described  in  Section 5 .4 .1  a s in g le  e r ro r  

is  de tec ted  and c o rre c te d  by the  p a r i t y  checking hardware. M u lt ip le  

e r ro rs  cari.be s ig n a lle d  ou t to  the  su p e rv is o r machine. Depending upon
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F igure  5.7 
computing

I  IN lTA LlZE

Flow c h a r t o f  a Hybrid  by-p lane F a u lt - to le ra n t  
system.
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the  type  o f  a p p lic a t io n  ,the  s u p e rv is o r machine can e i th e r  igno re  the 

s ig n a l o r  s top  the  machine. The PSAW to g e th e r w ith  the  p a r i t y  checking 

s ig n a l determ ine the  lo c a tio n  o f  the  f a u l t y  word.

5 .7 .1 .2  Vote Disagreement D e tec tio n

F o r.th e  3-D machine subu n its  which have hardware redundancy w ith  

vo te  ta k e rs  and d e c is io n  d e v ic e s , a module which d isagrees w ith  the 

m a jo r ity  vo te  is  re p o rte d  to  the  su p e rv is o r machine. The super­

v is o r  machine s to re s  the  lo c a tio n  o f  th a t  module in  a f a u l t  observance 

ta b le .  Upon a second re p o r t  o f  a f a u l t  in  th a t  module, the  module is  

is o la te d  and a 3-D machine re c o n f ig u ra t io n  takes p lace  i f  necessary.

3-D machine re c o n f ig u ra t io n  w i l l  be considered in  S ec tion  5 .8 .

5 .7 .1 .3  Unsuccessful R o ll-b a ck

Whenever r o l l - b a c k  is  used, the  programmer should s p e c ify  the 

number o f  r e t r ie s .  I f  the  number o f  r e t r ie s  in  a g iven program exceeds 

th e  maximum a llow ed by the  programmer, t h is  s itu a t io n  is  repo rte d  to  

the  su p e rv is o r machine (th e  re p o r t in g  is  a ffe c te d  by the  system 's 

program ). The s u p e rv is o r machine decides on e i th e r  c o n tin u in g  w ith  

execu ting  the  program , d is re g a rd in g  the  f a u l t  o r a b o rt in g  the  jo b . The 

PSAW co n ta in s  the  lo c a t io n  o f  th e  o ffe n d in g  in s t r u c t io n  and may be ab le  

to  lo c a te  any f a u l t y  module which m ight be causing the  e r ro r .
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5 .7 .2  Remarks on D ia g n o s tic  Routines

I t  is  e s s e n tia l f o r  the  o p e ra tio n  o f  the  3-D machine to  run 

some d ia g n o s tic  ro u t in e s .  The co m p le x ity  o f  a d ia g n o s tic  program 

is  c o r re la te d  to  the  seriousness o f  th e  s i tu a t io n .  A ro u t in e  d ia g ­

n o s t ic  program is  u s u a lly  much s im p le r than a program designed to  f in d  

a suspected erroneous c e l l .

A ro u t in e  d ia g n o s tic  program fo r  the  MC m igh t c o n s is t  o f  a 

p a tte rn  o f  O1s and I ' s  which upon in p u t to  the  3-D machine is  non- 

c o n d u c tiv e ly  t ra n s fe r re d  to  a l l  memory p lanes . A t ra n s fe r  to  the 

CR from  each memory p lanes and a comparison o f  the  co n te n ts  o f  the  CPA 

and CPQ is  a f fe c te d .  Assuming th a t  the  same p a tte rn  o f  O 's and T s  

was o r ig in a l ly  loaded in  the  MRl and MR2 re g is te r  s e ts . The c o n d it io n  

codes (CONC) o f  the  CP should in d ic a te  e q u a li ty .  Scanning the PSAW 

and re c o rd in g  the  lo c a t io n  o f  c e l ls  f o r  which the  e q u a li ty  c o n d it io n  

is  no t v a l id  does in c lu d e  the  ro u t in e  d ia g n o s is  program fo r  the MG. 

S im ila r  procedures can be used to  c o n s tru c t ro u t in e  d ia g n o s is  programs 

to  examine the  IOP and the  CR. For the  CP d ia g n o s is , the  a fo re ­

mentioned procedure is  necessary bu t n o t s u f f ic ie n t  s in ce  the CP is  

more than a s to rage  u n i t .  A program which executes a l l  the  basic 

ALO's on known operands w ith  p re -caT cu la ted  re s u lts  and a comparison 

o f  the  re s u lts  ob ta ined  from  the  CP w ith  the  p re -c a lc u la te d  re s u lts  

lo c a te s  the  m a lfu n c tio n in g  subu n its  o f  the  CP.
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5.8  3-D Machine R e c o n fig u ra t io n .. .

Whenever the  programmer asks f o r  ro w s . IR to  JR and columns 

IC to  JC to  process h is  problem , the  X and Y decoders do a memory 

mapping to  p ro v id e  the  re q u ire d  re c ta n g u la r  a rra y  o f  c e l ls  which 

does no t have to  be a t  the  same p h ys ica l lo c a tio n  sought by the 

programmer (memory m apping). In the  case o f  a f a u l t y  c e l l  encountered 

in s id e  th e  problem bounda ries , the  X and Y decoders bypass the  x and 

y  lo c a tio n  o f  th is  f a u l t y  c e l l ,  t h is  in  essence is o la te s  the  row and 

column in  which the  f a u l t y  c e l l  e x is ts .  For a problem mapped to  an 

area w ith  a f a u l t y  c e l l  w ith  an a rra y  s iz e  le ss  than th e  s iz e  o f  the 

MR, t h is  is o la t io n  does no t app ly  to  the  rem ainder o f  th e  MP ou ts id e  

the  a rra y  boundaries o f  the  problem.

As an example co n s id e r a problem w ith  IR = I , JR = 4 , IC = I ,

JC = 4 . Assume th a t  the  X and Y decoders f in d  the  f i r s t  a v a ila b le  

row to  be row 4. and the  f i r s t  a v a ila b le  column to  be.column 4 ; and 

i f  c e l l  (5 ,6 )  is  in  e r ro r  then the  X and Y decoders have to  ignore  

row 5 and column 6. The fo llo w in g  correspondence h o ld s :

l . »  4 Column: I +  4

2 + 6 2 + 5

rV+CO r-+CO

4 + 8 4- OO

The a rra y  as described  by the  programmer and i t s  mapping in  

the  3-D machine a re  shown in  F igure  5 .8 .
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CONCLUSIONS AND RECOMMENDATIONS
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6.1 Conclusions

6 .1 .1  Summary .

A r e g is te r  t r a n s fe r  le v e l design o f  the 3-D machine has been 

presented in  th is  th e s is .  An in te rp re te r -s im u la to r  (SIM3D) has been . 

w r it te n  and t r ie d  s u c c e s s fu lly  on severa l m a tr ix - ty p e  standard opera­

t io n s .  F a u lt - to le ra n t  design and com puting using the  3-D machine has 

been d iscussed in  genera l terms which e s ta b lis h  the  groundwork 

necessary f o r  subsequent f a u l t - t o le r a n t  design and com puting to  s u i t  

the  a rc h ite c tu re  o f  the  3-D machine.

6 .1 .2  System Hardware Design

The MC design has been th o ro u g h ly  in v e s tig a te d . In tra p la n e  

t ra n s fe r  has been w e ll e s ta b lis h e d . In te rp la n e  t ra n s fe r  has been 

proposed to  be e i th e r  cond uc tive  o r non-conductiV e. Conductive t ra n s ­

f e r  can be handled w ith  the  same conve n tiona l bussing techn iques used 

f o r  in tra p la n e  t r a n s fe r ,  however, adds to  the  p in  l im i ta t io n  problem 

and may make p lane replacem ent a hard ta s k . N on-conductive tra n s fe r  

a l le v ia te s  the  p in  l im i ta t io n  problem , bu t a lso  i t  p resen ts  the 

des igne r w ith  some new problem s. The p lane a lignm ent problem is  severe 

in  th a t  a few m icrons o f  la s e r  beam m isa lignm ent would cause in fo rm a tio n  

t ra n s fe r  to  the  wrong p lace  o r even no t ra n s fe r  a t  a l l .  A ls o , most 

o f  the  s ta te - o f - th e - a r t  work in  the  area o f  non-conductive  data



t ra n s fe r  is  concerned w ith  mass sto rage  and t ra n s fe r  ra th e r  than 

in d iv id u a l word s to rage  and t r a n s fe r ,  which are the  u lt im a te  concern 

o f  th is  th e s is .  These add to  the  d i f f i c u l t i e s  faced w ith  the  non­

conduct iv e  t ra n s fe r  in  the  3-D machine.

The CR design is  ve ry  s im ila r  to  th a t  o f  the  MC i f  recon­

f ig u r a t io n  o f  c o n tro l words is  to  be in c lu d e d ; o the rw ise  the  CR planes 

w i l l  be much s im p le r than th e  MP1s . A standard CR s e t o f  p lanes to  

be p rov ided  are those which can handle th e  a lg o rith m s  described  in  

Chapter 4 . O ther CR planes can be added as needed to  handle non­

standard a lg o r ith m s .

The IOP design o r s e t o f  designs to  be implemented w i l l  depend 

on the  needs presented by the  p a r t ic u la r  type  o f  problems to  be 

handled by the  3-D machine. The same is  t ru e  o f  the  CP.

LSI is  the  o n ly  way to  b u ild  a. c o s t -e f fe c t iv e  machine i f  the 

i n i t i a l  investm en t in  th e  d i f f e r e n t  LSI ch ips  can be a l le v ia te d  by 

m o d u la r ity  o f  ch ip  des ign .

6 .1 .3  Softw are C o ns ide ra tions

SIM3D when a p p lie d  to  m a tr ix -o r ie n te d  problems p rov ided  the 

fo llo w in g  execu tion  ra te s  f o r  nxn m a tr ix e s ;

I .  A m a tr ix  tra n s p o s e . re q u ire d jn - l~ je x e c u tio n  c y c le s  as

compared to  n2-n execu tion  cyc le s  fo r  an e q u iv a le n t 

s e r ia l machine.
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... . ... 2. A m a tr ix  m u lt ip l ic a t io n  re q u ire d  3n cyc le s  as compared to  

n2 ( 2 r i - l ). e xecu tion  cyc le s  on an e q u iv a le n t s e r ia l machine.

3. A m a tr ix  in v e rs io n  re q u ire d  3n cyc le s  as compared to

n ( 2 n - l ) execu tion  cyc le s  f o r  an e q u iv a le n t s e r ia l machine.

4. A search f o r  a maximum o r a minimum is  independent o f  the 

number o f  elements o f  the  a rra y  as compared to  n execu tion  

cyc le s  f o r  a l in e a r  search in  e q u iv a le n t s e r ia l machine.

The a c tu a l saving  in  execu tion  tim e  is  g re a te r than the theo­

r e t ic a l  l im i t s  mentioned above i f  we cons ide r the  number o f  cyc les  i t  

takes f o r  bookkeeping in  the  s e r ia l machine as compared to  the  3-D 

machine. The bookkeeping in c lu d e s  index c a lc u la t io n  and memory accessing 

fo r  the  element whose index is  being c a lc u la te d . To ach ieve the kind 

o f  th roughpu t which matches the  execu tion  ra te  mentioned above, the 

I/O  design and su p p o rtin g  I/O  so ftw a re  should be chosen such th a t  the  

o v e ra ll 3-D machine th roughpu t is  n o t I/O  bound.

\

6 .1 .4  F a u lt - to le ra n t  Computing and Design

F a u lt - to le ra n t  design f o r  th e  conven tiona l p a r ts  o f  the  machine 

is  achieved through TMR fo r  the  most p a r t .  NMR o r HMR is  recommended 

f o r  c o n tro l p a rts  o f  c ru c ia l im portance , (e .g . the CR c o n t r o l) .

The 3-D machine has tremendous c a p a b i l i t ie s  f o r  f a u l t - t o le r a n t  

computing due to  i t s  s t ru c tu re .  R e p lic a t io n  o f  data w ith in  planes and 

o r m u lt ip le  p lanes p resen ts  the  two extremes o f  in h e r ite d  f a u l t -



to le r a n t  com puting. In  the  f i r s t  case, no tim e p e n a lty  is  paid 

f o r  E xecu ting  severa l re p lic a s  o f  the  same problem excep t fo r  the 

tim e spent in  comparing c e l l  con ten ts  a t  c e r ta in  bench marks. In 

the  second case the  p e n a lty  in  execu tion  tim e is  c o r re la te d  to  the 

percentage o f  non -conductive  tra n s fe rs  inc luded  in  the  in s t r u c t io n  

stream .

6 .2  Recommendations f o r  Fu tu re  Research 

Recommendations are  as fo llo w s :

1. Complete the  u n fin is h e d  work on r e g is te r - t r a n s fe r  des ign ,

e s p e c ia l ly  in  the  IOP, a f te r  c o l le c t in g  enough in fo rm a tio n
*

about the  types o f  re a l- t im e  a p p lic a tio n s  to  be handled, 

the  methods o f  g a th e rin g  data  f o r  these a p p lic a t io n s ,  

and th e  secondary sto rage  f a c i l i t i e s  to  be in te r fa c e d  to  

the  3-D machine. A ls o , the  CP design w i l l  need to  be 

completed by d e c id in g  on the  number and type  o f  m ic ro ­

programmed a r i th m e t ic / lo g ic  processors to  be used to  c o n tro l 

the  CP r e g is te r .

2. A g a te - le v e l design should be considered i f  th e  standard 

r e g is te r  t ra n s fe r  modules a v a ila b le  from computer manu­

fa c tu re rs  cannot be used to  b u ild  a p ro to typ e  o f  the 

3-D machine o r i f  the  c o s t o f  rem odeling th e  a lre a d y  

a v a ila b le  modules increases the  cos t o f  b u i ld in g  the machine
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e x c e s s iv e ly .

3. . A d d it io n a l programming us ing  SIM3D should be done toward

the  goal o f  th o ro u g h ly  in v e s t ig a t in g  the  advantages and 

l i a b i l i t i e s  o f  i t s  s t ru c tu re  r e la t iv e  to  the  3-D machine 

hardware c a p a b i l i t ie s .

4. R eorgan iza tion  o f  the  SIM3D language syntax in to  f ie ld  fre e  

o r o rd e r independent f i e l d  form  could p o s s ib ly  s im p l ify  

and make more tra n s p a re n t the  w r i t in g  o f  3-D programs.

T h is  would have to  be balanced a g a in s t any a d d it io n a l hard­

ware o r so ftw a re  in e f f ic ie n c ie s  c re a te d .

5. An in v e s t ig a t io n  o f  the  need fo r  a h ig h - le v e l p a ra l le l 

p rocess ing  language and consequently  a p a r a l le l  processing 

co m p ile r should be made.

6. Much more e x te n s ive  in v e s t ig a t io n s  o f  f a u l t - t o le r a n t  com­

p u tin g  and design as a p p lie d  to  the 3-D machine is  d e s ira b le .

7. In v e s t ig a t io n  o f  the  na tu re  o f  the  procedure which should be 

used to  w r ite  an o p e ra tin g  system fo r  the  3-D machine 

complex is  necessary. Th is  in v e s t ig a t io n  should take in to  

c o n s id e ra tio n  the  fa c t  th a t  m ultiprogram m ing and f a u l t  

to le r a n t  computing are  to  be inc luded  in  th e  o p e ra tin g  

system to  make the  machine w o rth w h ile . Th is  in v e s t ig a t io n

■ is  h ig h ly  c o r re la te d  to  the  hardware c a p a b i l i t ie s  o f the 

s u p e rv is o ry  machine.



APPENDIX A

VALID CONNECTION CODES OF MEMORY CUBE INTRA­
PLANE TRANSFER AND THEIR CORRESPONDING GATE 
SETTINGS.



The VALID I N T R A P L A K f t  ( CONDUCT I V E  i C O N N E C T I O N  CODES OF THE KEMCRY 
CU3E ARE l I S T E D  I N  A S C E N D I N G  ORDER

O I 2 3 5 6 8 9 1 0 11 1 3 2 0 21, 2 2 3 0 3 2 3 3 4 0
5 0 S I 5 2 6 0 6 2 6 3 7 0 71 7 2 7 3 I O C 1 0 1 1 0 3 1 2 0 1 2 1 1 2 4 1 2 5 I  2 7

1 3 3 1 3 4 1 3 7 1 4 0 1 4 1 1 4 3 1 4 4 1 4 5 1 4 7 1 4 8 I  SC 1 5 1 I  5 i« 1 5 5 1 5 7 1 5 8 16C I  6 3
1 7 0 1 7 1 1 7 3 I  7 4 1 7 5 1 7 7 1 7 8 2 0 0 2 0 1 2 0 2 2 1 0 2 1 1 2 1 4 2 1 5 2 1 7 2 1 8 2 3 0 2 3 2

i l l P U i a i ! S I  IS ? ! S I ! S I § 0 0 m m 3 1 3 m M l i l l 2 5 8
3 2 2 m I i i

3 4 0 3 4 3 3 4 4 3 4 7 3 5 0 3 5 2 3 5 4 3 5 6 3 5 7 3 5 9 3 6 C 3 6 2 3 6 3 3 6 4 3 6 6 3 6 7 3 6 9 3 7 0
3 7 4 3 7 5 3 7 6 3 7 7 3 7 8 3 7 9 4 0 0 4 0 1 4 0 3 4 1 0 4 11 4 1 3 4 1 4 4 1 5 4 1 7 4 1 8 4 2 0 4 2 1
4 2 7 4 2 2 4 3 0 4 3 3 4 3 4 4 3 7 4 5 0 4 5 1 4 5 4 4 5 5 4 5 7 4 5 8 4 6 0 4 6 3 4 6 4 4 6 7 4 7 0 4 7 1
4 7 5 4 7 7 4 7 8 5 0 0 5 0 1 5 0 2 5 1 0 5 1 1 5 1 4 5 1 5 5 1 7 5 1 8 5 2 0 5 2 1 5 2 2 5 2  4 5 2 5 5 2 6
5 2 9 5 3 0 5 3 2 5 3 3 5 3 4 5 3 7 5 3 9 5 4 0 5 4 1 5 4 4 5 4 5 5 4 7 5 4 8 5 6 0 5 6 2 5 6 * 5 6 6 5 6 7
571 5 7 2 5 7 4 5 7 5 5 7 6 5 7 7 5 7 8 5 7 9 6 0 0 6 0 2 6 0 3 6 1 C 6 1 3 6 1 4 6 1 7 6 2 0 6 2 2 6 2 4
6 2 9 6 3 0 6 3 2 6 3 3 6 3 4 6 3 6 6 3 7 6 3 9 6 4 0 6 4 3 6 4 4 6 4 7 6 5 0 6 5 2 6 5 4 6 5 6 6 5 7 6 5 9

I I I I I I i i : l ! l  I i I I I ! ? § § H S H I I i l I I ? I l S 11 ? I l l  111 i t s
7 5 0 7 5 1 7 5 2 7 5 4 7 5 5 7 5 6 7 5 7 7 5 8 7 5 9 7 6 0 7 6 2 7 6 3 7 6 4 7 6 6 7 6 7 7 6 9

41  4 3  
1 2 8  1 3 0  
1 6 4  1 6 7  
2 3 4  2 3 6

3 2 7  H s  
3 7 1  3 7 2  
4 2 4  4 2 5  
4 7 3  4 7 4  
5 2 7  5 2 8  
5 6 9  57C



00 C0RE3P0NDCE TO AN OPEN GATE
11 CORESPONDCE TO A BIDIRECTIONAL GATE 
10 CORESPONDCE TO A SOURCE CELL GATE
01 CORESPONDCE TO A DESTINATION CELL GATE

A L ISTING  OF GATE SETTING CORESPONDING TC THE LEGAL CONNECTION CODES

C O N N E C T I O N  CODE G l G2 G3 G4 GS G6 G 7 G8 G9 G l O G l l G l  2 -Gl  3 3 1 4
O 0 O O O O O O O O O O O *0 O
I 11 O O O O O O O O O O C ‘1 O
2 O O O 11 O O O O O O O O g O
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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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7 5 5  7 5 6  7 5 7  7 5 8  7 5 9
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- 3 6 3  3 6 4  3 6 6  3 7 0  3 7 1  3 7 2  3 7 4  3 7 5 m ' 3 2 6  ; 3 4 0  3 4 3  ; 3 4 4  ^35 0  ; 3 5 2  3 5 4  =356 3 6 0  3 6 2

CASEeio

:Sfi, SFt8ii?e$H8S8T,# tION iG6tE G5
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- C A S - E m
CASE 11  I S  A D E S T I N A T I O N - G A T E  G6 
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- C A S B # 1 :5
: C A S E ' t 6 . 16 ^ ,S O U R C E !GATE^GE •
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4 7 7

l l
-;2

%636
7 4 4

, I !  >111-

1 1

111
- I

I
■$

'i
i

i
8

:!
332:

198

I
:2,

j > i
" l 8  ^ I ^ S S E ^ l A L ^ R R t M E ,  BMRLtGANtS

ill
-ll!
i l l
1 7  3 

i  1 9  3

LlIT
s :
; 4 7 4

E

-I,
I

- I '
-4

i :
I :

:-1
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’C 4 ‘ ^ ! ^ e s S E N T I AEvpRtMEi^MRkieANTlS

' i t
1 8 :  7 37  8 .2

i A L U ' : 3 v R R l : M E .  I -M R lL te A NT B . :  ARE TESSE-NTtAL-;
^ D t S K (RECORDS , 'WRtT ENe ; i % 9  '

ro
o
o



:CASE :8
,I iBST iOF MliNTERMS I NCUUDTNG 'DONTT SCARES-AND 

,640 :2 , 6 7 2 : 3  656 '3 -644 f3 ,676 .4 -674 14 
,624 -4 ;61 0 4 600 4 >654-5' ,632 i5 >626,.>5'

,643 6%3
, L I S T  I O F - R I l l S ROOT X " S

; g « 94 « i 8 I
.EACHI ifli s-Iol is

LAR G ES T I M I N T E R M s  , 6 7 6

I!
i l l
I i

t o :

640

S

I
i l l  >620

. 1 2 : , 6 1 4

li
i t !
i s :

i s
:8ii
-600

16

I

I
I
32

l i '
'32

ESSENTIAL -P R IM E . IMRLtCANTS
I : ,640 ' 16
2 :  '672 12.
-3: '672 I
. 6 :  '650 -4
'9 :  632 I

.1 3 :  -602 I1 4 : . 6 7 0 ,1
, 1 5 : ' 6 4 0 ;32 •4
1-6 S ,624 ■ a- ‘2
1 7 :  6 i o 16 •4
1 8 :  600 :32 :2'

!2 IESSENTIAL:
.10 :  -620 .16,
H S  ,6 2 0 -2.

!H0 r e T u t p u t
O 4 £

'DISK!RECORDS 'WRITENfa-
I I : 'S>

ro
o



L I S T  i O F - M I N T E R M S  : I N C L U D I N G  'D O N ' T X C A R B S  AND ! I d E t G H l S ^ D F  : B A 6 H

i i i  !? : m  I  i i r i -  ! i i!  i  I t r t  SIii i  m u -  i i s i  11818:
^ B P M V  -n i X M l M m s s 9 0 ' - *  13£ i R ! B s f ° ^ § t e ! ^ . l 7 6
.L IS T  'OF-ESSENTIAL'  MtNTERMS- 

. L l S T 3OF3P tA S 3 t 3 RdoT0 XAS-

I I #  
IiS iiS
'S i  - '362

-II ill.
Ji JSo

ill! -IIo .Ellilil
l l i i l l
' X7J -i370

ill
I

-it-
i l
isa 
■ 4

I
-32

6% 
4

■•4
; |

i
si
I

I  "ESSENTIAL
,-3! ,5344' '32:

-'RRI-NEi' I-MRLIGANTS"

J i  m i  . n

Sliil0I' . 3 2 '

•rUi 'illi !iS: -ti 
: if IilBB 6S Ii

".6t i^ g g iS S e ‘ $ I M I 218 ARl 268SeNTiAL1

(ND
CD
IND



■-;Ga s e . -#  * i?0‘
. I i tST  !OF MINTBRMS ' iNCUUD !NO iOON r T .:CARES - AND--1WEIQMTS ,OF EACH

m  E I iE I  IiIi 111! I i E i E i  .un
f - s O P i B I t S - n g .  ; - f , g F : i M $ N T E R M S - .  2 7  - U A R O E S t  :M ! -NTERM»--17B
. L I S T  -OF . E S S E N T I - A L : - M t N T E R M S 1 

NONE
- L I S T  !OF -1R I I t S  ■ :RO0T : X ' t S ’'i! 160 

144

I? I TIB
:5 I  i 134
65 .133

" .100

ill
1-01

'7 5 
.8 5
>91

I

-4
.1
4

.16
I

i
/32 

4

'-.I

Ii
■45
6 1

■75
, s i

170
i e o

.1 ,ESSENTI AL-1RRtME-. IMRLtOANTS

ro
o
CjJ

160
i.130 
■ 140

I * ?
163

I
- I
.1

I :

:?9S 1 1 5 4

ill til , f  -I
. 1 3 5 , 1 4 1  j3 2 .  iS:.
14 5 ■ 120 ■ 4 I '

.Dt s K : - ^ h d ^ y t 5 g i ? e S ! E ' c o ' l ! ! 6 0 ' ' BY .1 -ORDER CESSBNTIAL-RRtME IM R L IC A N tS )0R ,MINTERMS



* C A ̂  E * # * 1 1
..LBST >dF'iMBNtERMS' SMCLUDSNd>DdNrT':CARES AiND WEBGHiS )dF EACH

m  m i  m i  m i
>#-- iOF--Bl tS*-9 '# OF^MBNTERMSe :27 -.LARGEST iMINTERM= 475
,LBST -OF .ESSENTIALnMlNTERMS 

•460 434 4 3 0
- L IS T  !OF- PIAS. .ROOT :X",S 

1 : 400 -64'
2 :

13 6
-400
424
■420
-401
■401

d
•■6:
7: 403
8: 111

m

T f o
' 4 1 0

:9 i

■:??!
■ I!

i!
.Si
s :

t o :

T l i
*■“! 5

I  
I

'32
I
I :

I
.16
.64' 

4

I '
I -

.1

400 
424 
420
473

i4:.4%o

I  !ESSgNtI AL--jRRtME; BMRLICANTS
64
.1

i3I
I:

16^
-64

4
. i -
i

iNQRc
■ 6 J " I I 7 s

-DISK. RECORDS .WRITEN--- =55'

4 3 4 -5  
430 ,6

204



CASE # 12

• 5 1 5  3 
>566 -sB-15I c  i 5  

1511 :»9
-.QF'-BnStalO .. ___

L IS T  iOF> iESSENTIAL:iMlNTERMS 
■ 1576

.,L$ S T i O F -J P I » S

duGFHM&NIERMSe f31. , L A R G E S T  - !M I -N T E R M dJ S ?^

■ , IS 1544 • 1-6
:2S 5 44 • I ''
13 5 --• 514 16
,4-5 1514- ■§
»5 5 514 - I v
'.6 5 >500 '2>

75 ;5oo - S ' .
•;8 5 1502. a
*9 SJ510 ' i -

..10 5 >520' -4-
115 1520. 4

11’2 5 1560 . /j,.
- 13  5 >532. '32
; 1 4 ! -532 ■:32.
15 5 >532 8

7 6  5 ;530 <32;
171 .'524- !.16:

. ! S i 7 6 4 8
19  5 >562 ■is

«205 :i570 14-

•:ROCT \XSS-

;2S ^544

I
I :
■X
,1

$
- I

,1 . . E S S E N T l A L J P R ' l M E i '  IM R L I C A N T - S

'5 .j 1 5 1 4  

I I71 5 0 0

I

i
:4-

I
(2

I'
-’91 «510 

7 0 1  1520

1 1  i i : .
, r2 .ESSENTIAL-'PRIiME . IM P L I C a NTS 

>12-2-1560'-  4 12:
:.16-S :'.S30 ’ >32 ,4
: 18$ 1564: ;S '2

JOUTRtar FROM PETRtCK I iUSE'.ALL-‘R i t e  5.0F )ONE IGROUPl 
!MORE.-"TH AN mNE;,GROUP iPER -L !NE; ARE-SEP AR A TED JBV - M M

>D1;SK-,'RECORDS iWRITEN*'- . 182 * ■



' i l l d
QF - ESSENnAL^MrNTERMS 

P l* tS ‘ :AOQT;X'!S

=Î iEiiIirIteIlih,118

.1 S -'266 -16
■:2! '256 .8
J3' :856 4
'-4 5 :2?2 I
:51 :864 ;P,
.61 .:860 ■g
' 7 :  266 4'
; 8 i  ;262 ■ S
•9 S .200 I

IO i  f270" I
H S  :232. .4
1 2 :  :244- i s ­

'13$ '236 l e
14 : '234 . 16

.1 5 i :252 B-
1 6 : -200 <32':

i i 7 f  :240 ■4' i l .
.18$ .' 210' 4 .1
'1 9 :  '250 4 ; 11.

Cd

I

'.S’,

■ill

I  ESSENTIAL.' FRIMEv ! 'MRLtQANis

I l
I l  .

'2. ESSENTIAL PRIME: SHRLt-CANTS- 
;864 '-S

' I
>38 
■ 4- 
4
4 i

M i
■ 2
16

. o r eMORE
■ -.2»
DISK^RECORDS WR1TEN*



l I I I

.L IST

Case  ■# i4 -
f  918t l RHl i l 9 $ . ' - m ,0'!SI$ i8*s|i;*gp-i$| | 6 | i ^ 8$ I5A99i ,n#  :5
■ " "  ' 188;:$: i i u .  . i i r i  / i i i i  i i i i  i i i i

, , ' '7-66:-:8 ' " 7 6 3 ' j g  - '7 5 1  .8 ' 7 0 3  =8
B I T S  = I O  # iQF . M I N T E R M S s  : 3 6  - ,LARGEST BN TER H s  - 7 6 6

•-OF E S S E N T I A L  -M I N  TERMS 
NONE:

OF P I  " S '

7 60  , 6 - 

711  6 
701  7

11 7 44 I
?£: 740 .1'
'35 714- 16
•4 8 7 14 I "
5 : 713 =38

■ 65 . 7 1 3 2

T i
' 7 1 0 ■ 16'
7 10 I

'9 : 7 41 2
t o : 711 32
115 2 50 .16'

■ 1 2 : 7 50 I'.
1-3 5 743 .8:

. 1 4 : 736 16 :8'
15  5 7 36 .16 4

I f !
181

7gO .-32' 4
720 '32: :2
7 20 4

1 9 ! 720 -4- I
:20 5 752 :g.' =4'
: 2 l : 752 .8: 2
122: 724 ;32: -.8
m

724 .8- :2
724 8 - I

M i
722 :-32 8
722 .8: 4

127! 760 4 :2
!28: Z54 „8' I
-29: 732 ;32. . - Z -
=30 5 7 3 0 !32: ■ 4'
!315 700 64 -:2-
(321 7 00 iE- 1

I  ESSENTIAL;
■ 19 5 '7 2 0 : 4 I
!24 : 724 : 8 .1
2 8 : '754 S I

!32 700 ■2 I

- O i l

ro
o

)



s P i i l S P i r
mm in m m titiluH :Illillfiflllllp
Slfiililii-I Sfli mill ilSilliSllilli:
m u t m " i t s m s t i H  ; .
ilii !Hiliili ill mai 11; 35 siiiii Ui ililflli;.lllllllllllilllll:
1 * 4 ,  . i 2 2 3 6 , j 3 t  / 1 5 , / 7 1 1 1 5 * * 4 1 4 8 4 3 0 1 1 1 * ^ 9 3  112*. •

- O l l l *  119* I5 2*"........................
i * 4 A $ 5 ' ,  L U  H2 4 2 6 *  ,43, 45*  f t i  . f4 ,  3.8480111',  -iS-I 112, -

1IIiIIi ufllf; il; .Hi Uilfi Ui iiliu: Hill:
U-44 2 0 *  U *  .12426* 43* 45* / 7 * 1 5 *  * 4 ,  s g A l l *  .*93 |!2* ' 

i S A l l *  59* $2* 6 " " !
- 1 4 *  ' 1 2 4 2 6 ,4 3 * . :  5 * / 7 * 1 8 *  U  * 4 4 *  d B / 8 0 i l l , ^ 9 J  kg* .

!0 * 1 1 *  ->9* 1 2 *  < ■ ■ -
1 1 4 * 1 8 , 1 2 4 2 6 * 4 3 *  '15* ' 7 * l l »  , -4*  i 8 4 2 0 * l l * ^93  k g ,  

iO* 14 * 49* 12* Z -

fimiiii si; ilifii Ui Ui siieiUi iliiii

■ 15*14# , . I *  22426* -?3A 45* 7* t4# i8 * ’2. 

U S ,  - I *  -.:2ii26* 43 * Sg* /7 *1 4 *  #4* <848.

1 5 , 2 0 * i I *  12486*

: 1 5 * 1 4 * 1 2 4 8 6 * 4 3 *

1 1 5 * 1 4 *  ! 2 4 2 6 * 4 3 *

* 3 , . i 5 ,  /7*1-4# <-4# 

i§ *  - 7*  I *  >4# <842 

15* 47# ,1 *  i-4# 1842'

208



: 2 # - 2 6 < --Bi .
■ B i l i i  - i S t l Z f  ■

1 4 ,  I i l 5 f 2 6 ,  ;3 ,  , S i
l O i  l l t  ,->3i i g j  .

=.i4#48> 1 * 8 6 4  13, S i
‘ 0 i l l i  S i f Z t  
' , I A t l J t  - I t  154:26# 13, 
i * 5 *  174 1 * 2 6 ,  S i  :s ,  
- 1 - 4 * 2 0 4  ■ 1 , 1 5 * 2 6 ,  

3 S i l l , ' . * 3 , 1 2 ,  ' •
.1 -4 ,1 5 *26 , .’-3, '5 ,

4 11 5 * 2 6 ? ^ 3 ,  -S,

^ 3 ,  : 5 ,
1 5 * 1 7 , 1 4 * 2 6 ,  ; 3 , . - a ,  

. 1 4 * 2 0 , 1 5 * 2 6 ,  i3>  --S>

■ 14, 5 . 1 ,  ' . Z t l J t  A t  >S, 
1 5 ,1 4 ,  . . I , S i l J » -4 ,

5 ,  '7 , 1 5 ,  I ,  -At  , 8 , 1 1 ,  S I  I!2 ,

'7 ,  S i  A t  .'=8 * 2 0 * 1 1 ,  '91 ha, 

' J i  ’ 2 ,  4 ,  >8*20*11 , ;9 I i-2,

5 ,  7 ,  2 ,

; 3 , . - 5 ^ :7^ 'i lS J - I l w I i i i ! ' -
7 , .1 , ;2 ,  Ji4 ,  ;8 * 2 0 ,1 1 ,  '91 1:2, 

7 ,  ..I ,  S i  A t  S t S O t l l t  9 I h2,
'7 ,  11 , lS t  -At  S i S O t i l t  S i l Z i  
' J i  ' I ,  S i  A t  8 * 2 0 * 1 1 ,  -Si - I Zt  
- J i A t  S i  A t  S t i l t  S W S t  -
'7 * 1 5 ,  S t  ^ * 2 0 , 1 1 , / 9 * 2 6 , 1 2 , A 
:5 , -‘ 7> S i  '1 8 *2 0 ,1 1 , !9 * 2 6 ,1 2 ,  -

x m w i & w , # .  m i v .  m  . i m m s  - 

' U W  s  .10:I: -?:$$: %:

4 ,  . 5 , '  Z f . l ,  *3,  > 8 , 8 0 , 1 1 ,  / 9 * 2 6 , 1 2 ,
I ,  *3,  -8 *2 0 ,1 1 : ,  ;9 '* 2 6 ,12 , 
I ,  . 8 * 2 0 , 1 1 ,  S t S & t l Z t  
I ,  .3, - 8 * 2 0 , 1 1 , -!9 *2 6 , .12,--

;i: .11$
7 , :2 , 13, - :8 *2 0 ,1 1 , / 9 * 2 6 , 1 2 ,

i l l J i i .
;-Uii8:ti:si$i)$

. I i l i i H 1I i 1 I i

IIiHi IIifi1Ii
’ 14 , 1 5 *1 7 ,  '-4, ->'5, 
■.15, 1-4,17, A t  S t  
1 4 * 1 5 * 1 7 , A i S i  7 ,  

11 5 ,1 4 ,  I '7 ,  4 , S i  7 , 
.1 4 *1 7 *1 5 *  -4 , -5,

5 ,  - J t
I H I l
B t  

Bt
iiili 

l i ^ i ^ i
7 * 1 4 ,  :2 , . , )3 ,  1 8 * 8 0 * 1 1 ,  ' 9 * 2 6 , 1 8 ,Iiiiillllllll

I ,  S t  S i  S f Z O i l l i  S d Z B t i Z f  - 

."$5H!7 H 5 " ,  4 ,  .S i " J i A i  S i  l l !  - : l * l o ^ l l 5  s i M t f Z i

1 5 * 2 0 ,1 4 ,  : 2 * 2 6 ,  S i  S i  rJ i  U ,  4 , .  

,1 5 *1 4 ,  -1*26,.> '3, 35, ‘7 ,  S t  A t  ,8 * 2  

!.1S, -1 * 2 6 ,  -i3, IS, 7 * 1 4 ,  .!2,-4» .8*2

..15*20, .1 *2 6 ,  13, ."S, . '7 ,1 4 ,  S t  4 , =. 

■1-5*1-4*36, S t  S t  - J i  : I ,  S b ,At  ;8,:2 

. 1 5 * 1 4 * 2 6 , 4 3 , iS> / 7 ,  U  S t  A t  ,8*2

1 1 5 * 2 0 ,1 4 *2 6 , S t  S i  I t  - I ,  S t  A t

J

209



0 *1 1  * ' B i t Z ' s  ■ ■ - '
1 4 *  1 5 *  :.1» 4 2 * 2 6 ,  ' 4 *  ' 5 *  ' 7 *  » 3 *  < 8 * 2 0 , 1 1 )  "91 6 2 ,  

= 0 * 1 1 *  -1S * I S * ■
' 1 4 * 1 7 *  . 1 , 4 2 * 2 6 3  -As >S‘,  .' 8 * 2 0 , 1 1 »  > 9 * 1 8 ,

IlJi?: :l::;iill; :i: I: m i H: tlillisii ̂ l:12-
9i^df2^ - '

; 1-4* : 2 , * 2 6 ,  . 4 *  ’S i  ' 7 * 1 8 ,  ' U  4 2 , 4 8 * 2 0 , 1 1 ,  91 R 2,  
' 0 * 1 1 *  ' = 9 * 1 - 2 ,

„ 1 4 * 1 5 ,  : 2 ’, ; 2 6 ,  4 *  --iS* f"7> i I *  J 3 *  ? 8 * : g 0 * l l *  '91 6 2 *  ■■ 
0 * 1 1 *  = 9 * 1 2 *  :

•• ;i: a: ??}:« s i§m̂ n ii:
' 1 4 * 2 0 , 4 2 * 2 6 ,  4 , 4 5 ,  * 7 * 1 6 , i f ,  $3 ,  ’ 8 * 1 1 * - 9 : 1  1:2* = 

= 8 , 1 1 , ; 9 * 1 2 ,
. 1 4 ,  1 1 * 1 5 / 8 6 ,  - 4 ,  4 5 *  .7 , . . - ?2 ,  5 3 ,  1 8 / 2 0 , 1 1 *  9  I 1:2, = 

: 0 * l l ,  ' 9 * . 1 2 ,  :
. 1 4 * 1 5 * , 1 / 2 6 ,  - 4 ,  ; 5 , . 7 , ; 2 , < 3 ,  l : g / 2 0 * l l ,  =1S I I f g * .

■ 0 * 1 1 ,  , 9 , 1 2 ,  ..

8 * 1 1 , 4 9 , 1 2 *
1 - 4 * 1 5 / 2 6 *  = 4 *  4 5 ,  - 7 * . M *  -?2, 0 3 *  8 / 2 0 , 1 1 *  *91 112* ■ 

O i l l ^  ;S^ I i
. 1 4 * 1 5 / 2 6 *  . 4 ,  . =S, 7 ,  I , 0 2 , - *3,  c 8 / 2 @ , l l ,  91 1:2, -  

:0 *  l i ,  .>9, -12 ' ,
D I S K { R E C O R D S  W R l T G N * '  - I l l

15*1-4, I ,  '2 / 8 6 ,  >4* 45* -Tt  -'3, :8,:2
. '

' 1-5* - I ,  : 2 / 2 6 *  4 ,  J g * 7 , 1 4 ,  i 3 ,  - ; a / 2 -

=.15/20* «I *  ,12/26* ->4» tB, 7 , 1 4 ,  •*$, - 
• I E j  1-4, 2 /2 6 *  . '4, ; e * ' 7 ,  : - l , - :3 ,  48/2. 

.1 5 ,1 4 ,  . -2 /2 6 ,  -4, :5 i  -7 > =1 ,  -43» ;g/&

. 1 5 / 2 0 ) 1 4 ,  .‘2 /2 6 ,  -4) 'iS, 7 *  - I *  :3,  

1 6 *1 4 ,  1 * 2 6 ,  -4 ,  OS,-7 )  :2* :3, -8 /2  

.1=6 ,  . 1 / 2 6 ,  4 ,  .iS, ■ 7 ,14 , 18,  ;3 , -.8/2

„1-1/20, 1 /8 6 ,  -4* - I i  7 ,1 -4 *  -:2* -i3*/ 

.1 5 ,1 4 /2 6 ,= 4 *  -J5 , 7 , U , : 2 ,  - I , 48/2 

.1 1 ,1 -4 /2 6 ,  4 ,  I ,  -7 ,  # I *  / g ,  .-3 * <8 / 2



(

■Lii5 ;s4iiioAf  IiiiSt8 T a « % o « <M« i8.
'# i o F ' - B I i s l i - 'O 6 . 1 7 * ^  ^ ^ L ^ R ^ B G ? ,MtNTERM* 769
, L t S T  ,OF ^ESSENTIAL 'MtNTGRMS ■

. . L t s f 0 OF1 I l  «.S4 6 °R O o f I x  I 'S

Ii I
I

' S i

11
a :

I
I

11 n s
.1I l i8IS
: 5 1 - 3 6 2

-11.41
;Sl  762

,1 . E S S E N T I A L  'FRTM E . I f l R L t C A N T S>p*
I
I .
I '

&
I

■DISK • R k k d 8 D . 8 T W R ¥ l B N 5 ? ?:'COV;l § ^ OV’6 Y  4  ^ B D G R 'ESSENTIAL 1R R I M E  r i M R L I C A N t g  ,QR ,MBNtGRMS



l l M l  :CARSS_AND !WEJ;GWTŜ g£ :EACH»32.: I ;  
.433 iB'

1.30 .2 
230 -5

33 ;.2 ' :§ |g l3 " 'S 3 d ^ 3 '" ' lJ 3 3 ::!'3

330 730  •6 3 °

Hill, ii
ARIiesS6NttALi

533 4• "232 -4 :30 >4-
430 .6 '7,33 '7

L A R G E S T  ,MlNTERMa '%33

■430

6 3 S r.5‘



CASE ■# I ?

L IS T  OF P l tiS ROOT XwS 
I :  IO  I

I  j H E  I
4 3 ;'410 I

.5 :  -SlO • I
ALL I  PRIME IM P LIO A N TS .ARC.ESSENTIAL 
DISK RECORDS WRlTEN- :22

I60Sio a- .
MINTERMe 213

3 *3  <S
213



”  U A M E S T  'H tNTBRM .. - n s
6 * 0  6 4 3  ' ; ;340:  >343 '

■-Ca s e  , i s

4 3  ,4

.L fS T  iOF 1F f i fS  tRQ6T .-XifS

' I L i S p  I

:4 i : ,9 4 &  i ;

.S i  - i S i  - - I

: l
,1 E S S B N T IA L r R R t M E . I 'MRLICANTS

.1 $ 4 0  ' ■ I

. : 2 : ! -140 - I
5 3 J 41 :2
-4-1 - 5 4 0 ■ I '
5 :  '240 ' I ,
6 ! - 1 4 1
7 :  740 . . I "

>8:  ' 7 4 1 :2-
.ALL=MtNTERMS -ARE

'DfSKuRECORDS .1WRI  TEN*®
COVERED JBY

- . ' 2 5
I  : '0RDeR ':689BNT%AL,-RRl iMe. .SMBLICANTS ^ R  lMtNTGRMS



1M I  ! ^ " a i TP MSSON3 LU6 5 2 % D°6 5 0  I l  ',5 ■ « ,  *
151 5 350 6 252 6 :250 ,6 750 ? 251 7 751 :8 „

'9 OF B lT S o lO  # OF MtNTERMS= 17 LARGEST ^tNTERMe 782
UII20F llSEgII*L6§JNT!lf .35o a52
LEST OF P I^ S  ROOT :XKS

I! -»1§ i
i ia  I

‘ " l E e 8 8 m , , L

ro



■ CASE # 2 0
L I S T  'CE- . M I N TERM'S " I N C L U D I N G  D O N * T CARES AND W E IG H T S  OF 'EACH

118 ■:? 111:1. 7§? I Ilo ‘1 -SiMI iUlS J i  I 31 3 720 4 -480 ’ 
. ! i i f i r i S i g N T u u  « l » & N K k n s * '  17 U M E 8 T  M IN tE fiM - ' 7 2 8 '

NONE
.L IS T  OF > 1  f-S ROOT . X * S

i !
5 2 0 ■ -2.  '
■520 I
' 3 2 0 ■a.

I i
2 0 '2

' 2 0 I .
6 : . : ' 720 - 2
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A l i s t i n g  o f  the  s im u la to r  program (SIM3DMIX) f o l lo w s .  XDS 

Extended FORTRAN IV (52) i s  used. AU statements w i th  1S 1 in  column 

I are XDS Sigma 7 assembly language (SYMBOL/METASYMBOL) s ta tem ents.

A l l  cards w i th  ' I '  in  column I are m on ito r  command (57) ca rds . The 

card reader is  dev ice  105 and the l i n e  p r in t e r  i s  dev ice  108. Devices 

109, H O , and 115 are d is k  f i l e s .

This program can be executed on any GP computer i f  app ro p r ia te  

changes are  made to :

1. address the a p p ro p r ia te  d e v ices ,

2. rep lace  every Extended FORTRAN IV statement by i t s  

correspond ing  s e t  o f  standard FORTRAN IV s ta tem en ts .

3. rep lace  the  i n l i n e  assembly language statements by e i th e r  

the i n l i n e  assembly language statements o f  the computer 

u t i l i z e d  o r  an e q u iv a le n t  FORTRAN c a l la b le  assembly 

language s u b ro u t in e .

A minimum memory requ irem ent o f  22 K words o f  core memory 

( t h i s  does no t in c lu d e  the  core re q u ire d  by the o p e ra t in g  system o f  

the com puter),  makes i t  p o s s ib le  to  s im u la te  an 8 x 8 x 8 MG. The 

l i s t e d  program which s im u la tes  an 16 x 16 x 16 MG re q u ire s  40 K words 

o f  co re . One assumes t h a t  the GP computer u t i l i z e d  has a FORTRAN IV 

com p ile r .
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SKIP THE FORTRAN DECLARATION:STATMENT 
DECLARATION HAS BEEN TAKEN CARE OF IN THE OVERHEAD 
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H i  18 i i o H T e o "T o  i o o i
iGO'TTO-tl'lOd

Ci FTHfi:; TNBWTtBS -FROM THfiLUOWBR ,LEFT*
" ;;F(3M &Kfi% gA@ 0fT6 ':,6000 ' - ,

Utllsv FROM VTHECLEF1Te 
M*EQ*OKOR«TMfEQaBtQOrTOQOOO

'IS g O
IQO ;■

C TH E*IN
•-■$260 ■

: i ;2 ^ 0 W? i l ?
■- - '■ iS f i f t;c

IF tlMiEI«I tORi TMfEQfS fOR i BM fBQ f8TQOVTO I$004 
3SO »IO i43O 0“ ' 'u. . . E i ! l § ! l F |;RtGIStER’ . .

&  V R E G S S T iB 0 W T P U m S T B N :rTN'E;^30-:iSER'tESF ( TO (R-IGHT) I
. ( * '  J - '  ' - > y,' ' I, 1̂. ‘ » “ / " t ; » • '■'• ‘ '* * " ,x « i

*3°° ig*@A%KW4@TSjefSGOVTG:$iei -

KMa? I K I i K J i / l O o ' l ! 0 0 i  / t 0

f s r
f I^ 1 w M # G T t9 *0 R tK M % G T i7 f8 ^ 3 A C K l fK U T lL T f 8 ;6 o r T Q ; lO O l

; l i v | l l i $ 0 O l '

s 5

Si
Iii

) v i !O o i ■ i •■ ■ - - "JSil-Qii'RRESfiNTi .*MARE%SWRfi^0NES@ND^8fv IT I BS-fOlREGTEO 'TOVTMfi. 
_ ._ „ megiiUMCAND,tKM-f.IF-tNE6E88ARVie •• - *' ■ :"

,$302 ' IfiWdM&Nfi*#&AND&%M46fi*7IWMsdMWdMSKMKKMSWM

iGO TO't I1I lO i ISSOi 1<001 *4)340# «350AlSQOi 13%0) j:KM.

“ i f  l a i i a s ! ! * ; * ! ! * ! : : ■ •

. S
:
I v

-J

.>i
-1C

&

--C- .v 1310

:■«

'RBOML,

:f
I

LIFT
iGOTo 1500

o:3 );G0 TO 11001

KlftOO'

pi 
■ill-
A

O

C lro
: K:

I i iHilS
<1800
<1.810

<18*0
<186( K1870
K1880KlSSOfKlSOOKlSlOGKlSSO



ill 18IIBS
:e- ,'THE®IN ^U T 1 !i-TROM^"T,HE'.,UOWER . t e f T» 

aQO : TO-.£200 '
IN P U T . iS iP R O M z S H E .L E F T *

;G@v 110^1300" , _ . 'GO/TO £ 3 0 0
T H E ,IN P U T  S S^PR O M /TH E ' * 2 -REGISTER*

!SGRfBG'PDOWNWARDH

:e- _ _
1 9 7 0  i2P4$M&LE*3)i@Q TO 6 0 0 0  

GEARCHsG&OO T 0 J 3 7 0 0

!R E G IS T A R 'O U T P W T IS  IN  THE 

1 * 0 0  ; ( ^ l < i * & T * I R , O R f K f *G T *U R t0 R ':K U tL :T * I& *0 R *:k J « ;G T & jG 1 :8 0  T O . IG O l

J tiB H iH r tJ la ii lti.. '

G- CfSY !BUGS?
T O i lO O l 
IGT PREE? 
* 0 8

I g ^ M t N E g l  *.AND#iJM»NG:'4*.AND*:KMfNe*ltAN()4rkMdNe*4kG0 T O '1 4 0 0

u  rt" *111 a . j a w  k  :  ^  Ii  * ■ »•• « *  < iffii » ^ hi- • "dki 6 ^  ^  . > * .  a i  » J  ̂ .  T :  ^  ^ a=. S • k »•1 4 0 2

, r n m a m uZ r n r n f f l m s r m m m a m t m n m1 4 1 0  "

,/TWER IS  iN O 'VERTICAL^BUSSING*

___# 0 ,1 4 0 0

i B * i $ H= l # y ! N ! u i n f l 8 Mt $ H! o 8 g , !E R ^ I6 H T ‘' H P i m f E Q O ' l O O  T O .1001 
iGO # 8 :1 8 0 0

T H E ifN P U T  IS  FROMrTHE^RlGHY,:'C

• 1 M 4

C T H ^ f N & u f * ( s ^ R R O M i T H E  LOWER LEFT*

PAbKlBGO

(E m * ;

'RACK1980

Y K K lg g g
P *C K 2010
PACK2080

YKKgggg
RACKgOBO

'RACK8060
f a c K e c T O
PACK208O
PACK2090

.

Y K K M g g
Y K K IM g g
R A C K g ie o ^  
'RACK2170 
RACKgieo 

'RACK2190  
PACK22C0

KB:
K2830  
KB240  
KggSO 
K g860  
KSgTO 

!AGK2B80 
'ACK2S90

T K K B g g g
RACK2G20
PACK8330
P&CK2G40
PACK8350
PACK2360
PAGKBSfO
RACKBSeO
PACK8390
PACK2400



! • • * h l ! | | I S 5 l 8 5 | " ‘ r o , ' , v  ;
:C; mEGl-STili'-bUTAUT . i.S>:$N DHE '^Sd JgfiRtfiS-’ ('Td-I1QWER--IsEFTM

 ̂ • I- * ' ' ' ' ' 1 ' ■

(*800  /
........  I  '■

; If'C & ItET e ERitJQR<KI *6T W R#'0R*KWttST i  IC*0R <Ktil I$d61 î QG -IQ .$001
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APPENDIX D

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

A PARALLEL MATRIX MULTIPLICATION ALGORITHM (MMA) 
AS IMPLEMENTED ON SIM3DMIX
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NO OF EXECUTION CYCLES OF Y-HE-Se D ,MACHINE

TRAN :RR ( O l )

00B14S40

,00824340

'00834440

00144440  
:MR (!Ol )

!MR (!02)

I - I  I I  I
I - I  I I  I
I
I I I I I
I

NO 'OF EXECUT
425 '

I o n 1 CycleES OF THE =SERlAL !MACHINE

!NO 'OF EXE C U T I O N  CYCLES QF THE 3^0  !MACHINE 
17

DEBUGGING !CHECK OF MASK MATRIX



1 1 1 1 , 1

INO ,OF .EXECUTION CYCLES iOF . ^ H E iS g e ^ I lL  m lc H t N l '  
$50

INO -OF. EXECUTtON CYCLES OFvTHE i3«6 'MAGHBNE

NO OF.E&#CUTEON CYCLES fOF T H E c S E R lA L !MACHINE'
$78

INO ,OF !EXECUTION CYCLES OFvTHE # 9 0  iRAOHfNE 
■ i s

-B E B u a e w a  jeHECK m  1081.Lilli— ™
INO -OF EXECUTION CYCLES OF .'THE # " 0  WAOHlNE

-OEBUQdBNQ .CHECK OF MASK WATRIX

I il t HWO OF SXECUTBON CYCLES 'OF "THE-SERIAL'M ACHINE
'S iS '

!NO OF EXECUTION rCYCLGS O F ^ T H E '3 * 0  WACHfNE 

'DEBUGGING CHECK OF MASK ,MATRIX 

WO -OF EXECUTION CYCLES 'OF THE SERIAL WACHtNE
59(

NO -OF EXECUTION CYCLES O F V T H E ' -MACHINE 

DEBUGGING CHECK OFvMASK^MATBfX* ( ° 3 1

WR (i08)

AMY

FAD
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1 1 1 1 1

I  . 1 }  I  I  •
1 1 1 1 1
l l l l i

'NO -OF EXECUTION CYCLES OF THE SERIAL MACHINE 
5%5

:NO OF EXECUTION CYCLES =OF THE ,3=0 =RACHTNE

'DEBUGGING -CHECK OF =MASK MATRIX

!NO =OF EXECUTION CYCLES OF THE =SERlAL MACHINE 
600

!NO OF EXECUTION CYCLES OF THE 3=0 !MACHINE
24

‘DEBUGGING CHECK OFR:MASK°MA?RIX 
1 1 1 '
1 1 1  
1 1 1  
I. I  I  
I  _ 1_ I .

I  
I

-:N0 OF EXECUflON'CYCLES OF THE =SERlAL =MACHlNE
: 625

'NO OF EXECUTION CYCLES OF THE 3=0 !MACHINE 
,25

OUTP MR ( 03)
!CONTENTS OF MRl REGISTERS OF PLANE 3

s265000E 03 

»4 f5 0 0 0 E  03 

e7g5000E 03 

8S55000E 03 

e llSSOOE 04

fr495000E 03 

® 928000E 03 
»135500E 04 

6178500E 04 

6:|21500E 04

S72BOOOE 03 

S13BB00E 04 

slSSSOOE 04 

SgaiBOOE 04

OOE 04
.CONTENTS 'OF MR2 REGISTERS OF RLANl

ol'glOOQE 03 e 2 3 i0 0 0 E  03 S341000E 03 

«231000E 03 #44100QE 03 aSBlOOOE OS 

&341000E 03 0651OOOE OS 8S61000E 03

!MR (=03)

r9S500QE

S178500E

egSIBOQE

«344500E

s427S0eE

&4S1000E 

S861000E 

a 1 2 7 IOQE

03 allSSOOE 04

04 eggiBOOE 04

04 ■ &'3g4B00E .04

04 84g7S00£ 04

04 «5305001 04

03 «561000E 03

03 a l0 7 ip 0 E  04

04 alBSlOOE =04
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sW O O Q E  03 o,g6lO.0QE 03 a lg ? l0 0 E  04

«561000E 03 9107100E 04 H S g iO Q E  04

DEBUGGING !CHECK OP^MASK MATRIX

I I | j |
'NO I f E&ECUTtON^CYCLES OF THE SERIAL !MACHINE. 

6S0

NO OF EXECUTION CYCLES OF THE 3®D MACHINE

TRfiN -CR ( 02 )NO iOF .EXECUTION CYCLES OF THE =SERlfiL !MACHINE

H 6 8 1 0 0 E  04

teOSiOQE 04 
:MR2(:03}

.MO (G D

jo  OF EXECUTION CYCLES OF" THE # « 0  MACHINE 
DEBUGGING !CHECK ON !HEX CONTENTS OP -MRC REGISTER

OOOOliOO

iOODliSOO

OODSiSOO

-00D31400

00941400

OODOSliO

OOOtSSiO

OODgSSlO

00D3S41O

OO0O31SO

-OODlSgSO

00DS33S0

00D33480

000 04130

■0001-4230

000 2433 0

000 34430

00944430  
( Ol )

009 4 2 4 4 0  00943420
CTRN MRNO -CF- EXECUTION CYCLES 'OF THE SERlfiL !MACHINE 

700

NO -OF EXECUTION CYCLES OF THE =3=0 MACHINE
- NO iOF E X ECUTION CYCLES -OF THE SERIAL MACHINE

/SB

ÎO OF EXECUTION CYCLES

TRAN
DEBUGGING CHECK OF MASK.!MATRIX 

I  1 1  1 1
1 1 1 4  1

OF THE 3*0 MACHINE
MR (-04 )

IN -‘SUB STRAN 
00904440  

■00B14240 

O0S24340

00934440
-00144440 

-MR (-CD

=MR (-0E)

O1SOSlOeE 04 

»:S60100E 04
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1 4  1 1  I

1 1 1 )  I
ND ;0F .EXECUTION CYCLES OF THE -SERI AL; iH^GHlNE 

7SO

NO iOF EXECUTION CYCLES OF THE .3=0 MACHINE
:30

OEBUOOINO :CHECK OF MASK MATRIX 
1 4  1 1 1

i I i I I
I  1 1  1 4

XTRN MR «;Qg)
NO XF EXECUTION CYCLES -OF THE -SERIAL MACHINE 

77B

NO XF EXECUTION CYCLES OF THE 3=0 MACHINE.

NO OF EXECUTION CYCLES XF THE SERIAL MACHINE 
800

NO OF .EXECUTION CYCLES OF THE 3 * 0  MACHINE

d e b u g g in q  X h e c k j Of r Ma s k 0 Ma t r I x j RR ( 021I .
NO XF EXECUTION CYCLES OF THE X E R lA L  MACHINE 

8 8 5

.1 I I I
I I I I
I

I

I

I

I

I
I

I

NO OF EXECUTION CYCLES OF THE X=D MACHINE 
:33

DEBUGGING CHECK OF MASK MATRIX

I | | | I
NO XF EXECUTION -CYCLES OF THE SERIAL MACHINE 

850

NO OF EXECUTION .CYCLES OF 
'34

THE-’3=0 MACHINE

:MR ( X i )

ro
VO.

XP TMY



NO -OF EXECUTION CYCLES OF. THE -SERIAL 'MACHINE 
875

NO OF EXECUTION CYCLES OF- THE 3=0 'MACHINE 
.’35

DEBUGGING CHECK OF^MASK^MATRIX * ^  <031

I  1 1 1
i  - i  l i t
i  .1 i  i  i
i  i  i  i  i

NO OF EXECUTION CYCLES OF THE SERIAL MACHINE 
'@00

NO 'OF EXECUTION CYCLES OF THE 3=0 .MACHINE 
'SG'

DEBUGGING CHECK OF MASK MATRIX 
I

NO OF EXECUTION CYCLES OF THE SERIAL MACHINE 
1SES

NO OF EXECUTION CYCLES OF THE 3=0 MACHINE

TRAN(OOaiB) CR
DEBUGGING !CHECK OF MASK MATRIX 

1 1 1 1 1  
1 1 1 1 1  
1 1 1 1 1

I  I  I  I  I
NO -OF EXECUTION CYCLES OF THE SERIAL MACHINE 

@50

NO OF EXECUTION CYCLES OF T-HE 3=D MACHINE 
38

OUTP :MR (0 3 )
-CONTENTS 'OF MRl REGISTERS OF RLANE 3

D E B U G G I N G  C H EC K  OF MASK M A T R I X

*4 3 4 0 0 0 5  03 

«794000E 03 

«1154005 04 

1151400E 04

«7940005 03 

o145400E 04 

»2114005 04 

*2 7 7 4 0 0 5  64

6115400E 04 

S21140QE 04 

&307400E 04 

*403 4005  04

-CR FAD

rovoro

.MR ( iO i)

61B1400E 04 e ig7400E  04 

«2774005 04 &343400E 04 

«4034005 04 «4994005 04 

»5g9400£ 04 *6554005  04



e.86500QE
e4ggOOGE

e^.asoooE 

frSggOOQE 

4I iBBOQE

03

OS

03

03

04

e^SBOOOE !03 
egggOOOE OS 

otSBSOOE 04 

ol'^SBOOE 04

OtI nisooe 0<
GEBUQeENG ,'CHECK OF MASK MAlREX 

I  I

. I I
TION '

S-TiSOOQE OS 

e-iSSSOOE 04 

• siSSBOOE 04 

e:861B00E 04

- . H m m r w

:N0

■ I - ■ I -  i
- I I  I
I • I  i
I I  I

eJecu!
9?5

J f CYCLES OF THE ^a R lA L =  MAOHlNE

NO-OF .EXECUTION CYCLES OF THE ;3«D ,MACHINE
NO OF !EXECUTION 'OF . THE 'SERIAL

1000

NO OF EXECUTION CYCLES OF THE 3®D MACHINE
!. <{, O

DEBUGGING !CHECK ON HEX CONTENTS OF MRC REGISTER

OODOllOO

00011200
000 11300

000 31400

•00044400

OOOOgllO

O O Dlgg lO

OODggSlO

000 3841 0

009 4841 0

0 0 0 0318 0

000*3280
000 23380

’000 33480

NO iQF .EXECUTION CYCLES1085 • CYcOis. OF

NO OF !EXECUTION CYCLES OF THE :3®D MACHINE

00004130

00014830

00084330

00034430

0094443000943480

THE -SEr I a L (:MA^HINE

46B5400E 04 @8114005 >04

dSSSOOOE -03 «1189005 04
8 l? 6 5 0 0 E  04 #2815005 >04

@861560: 04 - 613245006 :04

S344500E 04 • «'4S7900E 04
S487500E 04 

MRS(OB)
»5305005 >04

=MC ( 0 1 1

IN SUB -STRAN 

00S04140 

00S14840
00BB434C

00534440
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NO OF . E X E C U T I O N  CYCLES OF THE - S E R I A L  M A C H IN E  
1 0 5 0 .

NO 'CF . E X E g U T I O N  C YC LE S OF THE 3 » D  M A C H IN E

DESUQeENG .CHECK OF*M%SK MATRIX (011
I  1 1  I  I

i  I  i  i  i
NO OF E X E C U T I O N  C YC LE S OF THE = S E R l A L i M A C H I N E  

1 0 7 5

NO OF E X E g U T I O N  C YC LE S OF THE :3 «D  M A C H IN E  

^ D E B U G G I N G - C H E C K  OF MASK MATRIX
I  1 1 1  I

I I H I
' C T l N  MR ( O l )

NO OF E X E C U T I O N  C YC LE S OF THE SERIAL M A C H I N E  
1100

NO OF E X E C U T I O N  C YC LE S OF THE S iaD M A C H IN E  

NO 'CF E X E C U T I O N  JCYCLEB OF THE S E R I A L  MACHINE
I  l e a

NO OF E X | g U T 2 0 N  C YC LE S OF THE : 3 ° D  M A C H IN E  

D E B U G G IN G  CHECK O F ^ M A S K ° M A ? R I X 1

I

:1

I i i

NO

I I i I
F . EX ECUT I  O N ^ C Y C L S S  OF 

1 1 5 0
THE S E R I A L  M AC H IN E

NO OF E X E CUTION C YC LE S OF THE MACHINE
D E B U G G IN G  CHECK OF MASK MATRIX 

I  . 1 1 1 1

MR ( 0 2 )

ro

MR I O E )

CR FMY



I I I I
I I I I
I I I I
I I I ,1

I

I .................
'NO OF I J E C U n O N -CYCLES 1OF THE S E R I A L  .MACHtNE

;N0  OF E X E C U T I O N  !C Y C L E S  'QP THE 3 * 0  !M AC H IN E

'GEBUGGBNG CHECK O F - M A S K  M A T R I X

'NO OF E X E C U T I O N  CYCLES -OF 'THE S E R I A L  MACHINE 
.IBOO

NO ;0F E X E C U T I O N  C YC LE S GF THE 3 = 0  M A C H IN E  

D E B U G G IN G  CHECK :OFRM A ^ K e.MA?R f t 1 * 0 3  V

I I I
■NO OF E X E C U T I O N - C Y C L E S .  OF THE S E R I A L  M A C H IN E  

1 2 2 5

NO OF E X E C U T I O N  C YC LE S OF THE 3 = 0  .M ACHIN E
49

D E B U G G IN G  CHECK .OF .MASK M A T R I X

NO iOF E X E C U T I O N  C YC LE S OF THE S E R I A L  M A C H IN E  
1 2 5 0

NO OF E X E C U T I O N  C Y C LE S  OF THE 3 * 0  M A C H IN E
50

T R A N ( iO O H S )  GP
D E B U G G IN G  CHECK OF MASK MATRIX

I Mn
NO G F ^ E X E C U T I O N  C YC LE S iOF THE S E R I A L  !M AC H IN E  

I c Z o

NO OF . E X E C U T I O N  C YC LE S OF THE 3 = 0  M A C H IN E
51

OUTP MR ( -0 3 )

CP FAO

IN)
IOm

MR ( 0 3 )



CONTENTS =OF MRl REGISTERS OF -PUNE ;3
- *6 3 0 0 0 0 8 03 ellSOOOE 04 4 163000E: 04

a l l3 0 0 0 E 04 »2030008 04 *8 9 3 0 0 0 8  04

«1630008 04 «293000E 04 «4230008 04

/«8130008 04 »3830008 04 K553000E 04

c o n t I n t s ^ gf MRg REa!l?E^E0FL.LANl68,looaE
e434000E 03 »7940008 03 - «1154008 04

e7340008 '03 6145400E 04 *2114008 : 04

«1154008 04 *2 1 1 4 0 0 5  04 *3074008- 04

«1514008 04 «2774008 04 04034008 ' 04

« tg 7 4 0 0 E  04 

DEBUGGING /CHECK

- 6-343400E 04 
/DTRN

OF MASK MATRIX

■ «4994008 '04 
iM R l(0 3 )

I '  I  I  I  I

I  :1  I  I  I

no -Sp i x E C u t i iO N 4 CYeSEe of t h e  s e r i a l  im a c h in e
1,-300

NO OF :E X | |U T I0 N  c y c l e s  =OF THE 3 * 0  MACHINE

NO QP EXECUTION OF THE SEr I a L ^ a Sh XNE
' .4315

NO OF 'EXECUTION !CYCLES OF THE '3«0 MACHINE 
;S3

'DEBUGGING CHECK ON HEX CONTENTS OF MRC REGISTER 

OODOl100 OODOgllO . 000 0318 0  00D04130

000 1180 0  -OODlgglO OODlSggO 00014830

000 8130 0  '0 0 0233 10  000 83380  00024330

«2130008 04 »2630008 04

$3S3000E 04 *4730008  04

«5530008 04 »6830008 04

« 7 :3 0 0 0 8 04 «8930005 04
*893 0008 04 «1103008 OS

«1514008 04 . «1874008 04

0-2774OOE 04 *3434008  '04
*4034008 04 «4994008 04

*529 4008 04 «6554008 '04

«6554008
MR2(Q3)

04 »8114008 04

MC (0 1 )

IN SUB STRAN 

00604140  

00644240  

00614340
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60 D 3 a> 0.0 00D 32410 00D33#g0 000 34430

609 4140 0  0 0 9 4341 0  009434S0 009 4443 0
CTRN 'AR ('Q^ )

NO :0F !EXECUTION .CYCLES OF THE SERIAL MACHINE 
IiSSO

NO OF !E X ||U T IO N  !CYCLES OF THE S=D ,MACHINE

NO 'OF EXECUTION CYCLES OF THE SERIAL MACHINE
137B-

00S34440

00144440  
?MR tO I )

NO ;0F !EXECUTION !CYCLES OF THE 3=»D MACHINE
SB ■

Tr an  hr ( o i )
DEBUGGING CHECK GF MASK MATRIX1I i l  I
NO OF ..EXECUTION CYCLES OF THE SERIAL MACHINE 

1400

MR (0 2 )

I
I
I

NO OF EXECUTION CYCLES =OF THE 3«0 MACHINE 
ES

DEBUGGING CHECK OF MASK MATRIX

1 1 1  Ij
CTRN RR (0 2 )

NO OF EXECUTION CYCLES -OF THE SERIAL MACHINE 
1425

NO Gf EXECUTION CYCLES OF THE ;3®D MACHINE

N°  :0Fl l i i CUTl0N CYCLES.OF THE SERlAL-MAOHlNE

NO OF EXECUTION CYCLES OF THE 3=0 MACHINE
„  ^ tR A N (O O ^O O ilS )  MR (0 2 )

DEBUGGING CHECK OF MASK MATRIX
I I I I I
I I • I I I
I I  . I . I I

(MR t0 2 )

:GP FMY
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I i  i  i i
O F ^ E C U T IO N  CYCLES OF THE SERIAL MACHINE

NC CF EXECUTION CYCLES OF THE 3«D MACHINE
59

d e b u g g in g  c h e c k  of m a s k  m a t r i x  
1 1 1 1 1  
1 1 1 1 1  
I  I  I  I  I
1 1 1 1 1  
I  I  I  I  I

NC OF EXECUTION CYCLES OF THE SERIAL MACHINE 
1500

NO OP EXECUTION CYCLES OF THE 3 * 0  MACHINE
60

DEBUGGING CHECK OF MASK MATRIX

NO CF EXECUTION CYCLES OF THF SERIAL MACHINE 
1525

NC CF EXECUTION CYCLES OF THE 3=0 MACHINE 
61

T R A N (IS A O O jlG ) :RR (0 3 )
DEBUGGING CHECK OF MASK MATRIX 

I  1 1  I  I  
1 1 1 1 1

I l  I T
NO OF E&EOutlON^CYeEeS OF THE -SERIAL 'MACHINE 

1550

NO CF EXECUTION CYCLES Op THE 3 * 0  !MACHINE 
62

DEBUGGING CHECK OF MASK MATRIX

NO OF EXECUTION CYCLES-OF THE SBRlAL !MACHINE 
1 5 7 5

NO CF EXECUTION CYCLES OF THE 3 “ D MACHINE 
63

TRAN(OOaiB) :0p
DEBUGGING CHECK OF MASK MATRIX 

I  I .  I  1 1  
1 1 1 1 1

IX)

8

CR FAD

MR (OS)



1 1 1 1 1
1 1 1 1 1

'NC CF EXECUTION CYCLES OF THE SERIAL MACHINE

NO CF EXECUTION CYCLES O f THE 3=0 !MACHINE

1OUTP MR (=03)
MRl REGISTERS OF PLANE 3 
OS e150S00E 04 - sglSSOOE -04

64 'Illlil : $ 1 1 1 1 1 I
o345500E 04 e-GlOBOOE 04 687SS00E 04

!CONTENTS OF MRg REGISTERS OF PLANE 3

CONTENTS OF
»8S5000E 
«I 50500E 04$1188881»

«113000E 04'$1818881 it
lllioooi 8:

DtRN
-DEBUGGING CHECK OF MASK MATRIX

e-fcSOOOOE 03 
*1 1 3 0 0 0 2  -04 
*163 0 0 0 2  04 
*213 0 0 0 2  04 
*2 6 3 0 0 0 2  04

*1 6 3 0 0 0 2  04$1118881-81 
sSSSOOOE 04 
*6 8 3 0 0 0 2  04 
M Rl(O S)

I

\
I
I

!NO ;6F

I
I
I
I
I

I
I
I

I
I
I

I

\
I
I

#§808002  04 
*4S5S60e '04
• n m
#1140802 OS 

*213 0 0 0 2  04

$1118881:8I
*7830006 '04 
*8 9 3 0 0 0 2  04 
iMRgT'OS)

EXECUTION CYCLES of THE SERIAL MACHINE 
1625

NO OF EXECUTION CYCLES OF THF 3=0 'MACHINE 
,65

TRAN- CR (Qg)
# 0  OF EXECUTION CYCLES OF THE 'SERIAL MACHINE 

1-650
NO 1OF EXECUTION CYCLES'OF "THE -!3=D MACHINE

.66
DEBUGGING CHECK ON -HEX^CONTFNTS^Of MRC REgISTgR 

OODOlI OO 00D02110' !ooEltloo !88811118
88ili$88 88ill«8

NC

00003180  0ODO4130-88811118 88BH11888811118 -888m§8
THE '-SEr I A L <:MACHtNE:0F EXECUTION CYCLES OF

A

:-NG iCF- EXECUTION CYCLES OF THE 3=6 MACHINE 
6 7

NO 1OF EXECUTION CYCLES OF THE -SERIAL MACHINE

-MC ( O i )

“ I l ! l ‘
;88?im8

1MR ( 0 1  )

*345 5006  =04 
* 6 1 0 5 0 0 6 ‘04

$ M E  !81
- * 1405506 =05

- «!§63.000! 104

: $ 1 1 1 8 8 8 1 : 8 $

$1111881181 299



MO OF EXECUTION CYCLES OF THE =Ha OHINE 
68

1700

:CONIiSiSo8I TI1
*1 5 0 5 0 0 2  04 
*2 1 5 5 0 0 2  04

9Q5O0| g ;
145500 

CONTENTS OF 
*8 5 5 0 0 0 2  
«150500E 
*215 5 0 0 2  
«2805002 
*345 5 0 0 2

O U T P

*2 6 6 5 0 0 2  04 
*3 8 0 5 0 0 2  04‘*!88881 Bi

Sf RE!lill88c°S,
04 *2 6 5 5 0 0 2  04
04 *3 8 0 5 0 0 2  04
04 *4 9 5 5 0 0 2  04

^ _ _______ 04 »6105002 04
S to p  INSTRUCTION e n c o u n t e r e d

. k R ( 0 3 )
fSL' ftNig 4 : lg 0 0 2  04 

*3 8 6 5 0 0 2  04 
*5 4 6 5 0 0 2  04
11̂11881 :gi

eLANl2 l l e O d E  04 
*3 8 0 5 0 0 2  04

$8755002 04

*280 5 0 0 2  »64 
*495 5 0 0 2  »04 
*710 5 6 0 2  04

i i l l 4 0 § 8 2

*345 5 0 0 1  64 
«610966# <64 
*8 7 5 5 0 6 1  <04* IloIlOg
*345 506
*6 1 0 5 6 6
*875 966
*114 896
*146 956

64
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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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R̂EGlSlER,'CONNECTION' ■
■4>A'- • ■ '[Q- • iOP- ■ ->A- iQ-. !OP % A.’ lQ: ’-Op-

m  :$??•; - I S M i ? ? .  • : ? s  : i ? i -
. - 2 ■ 2 12- . :2 -12 . 12’

-DEBUGGINGCCHECK lOF'iNASK-iNAiRtX

'.I:- ' t i l  11'. I'.- I l v  >.1’ i l -
!DEBUGGING,OHECKMON TRMRBGlSTER-QENERAiBDMBijRACK 

' >00920000 100921610- -s00922-Q20 - - - - - - -
?606O

iO Q llO lO O - . <00111110 100112120
- 616'O- - - -

: >00900200 '0 0 9012 10  009 0222 0
’'‘6360" ' r *  ̂ ^

6 0 1 1 0 3 1 0 1 6 0 3 )  ’ INPi , .!CR
SDEBtiGGlNGMCHECKnON-ARRAY ;■ INDEXES'

; $R«'i I  ‘ ' SJR = MS" S IO iS-I- * = • 'S-JC= MS-
[REGISTER CONNECTION ■

A ' IQ S "-SOPi- ,A- iQ (OP ■ \A j.Q )0p

*L 1  i3 7 l ; ' >6>0': '2 6 7 ,
■'670 '7-67’-
SDEBUGGlNG iCHEGK SdEiiHASK !MATRIX

: ik
L170

->00914040

>00904140

7H
v 2..

!i I o

>00923030 

/0 0 1 1 3 1 3 0  

>00903830 

(07)

i I  I n v 7

■ \A !-Q

silo m

>00924040

*00114140

>00904240

'•.A
290

v l

Jfi ■

I t ?
717

>0P

>00915060

>00906150

IQ
477

717
717

!OP

!00985050

>00115160

>0090525-0

>Q'
i3 77  ■

!. l

0091

0090

0098

'0011
>0090

310



I  I I .
iDEBUGGtNG ;CHECK -ON TR REBSSTfe-R ,QENERAtBD iBY 'RACK-

m m  m m
m i )  ;0F .'EXECUTION .CYCLES',dF:VT!HE '';SERIA L '-MACHINE 

!28
(NQ -iOF ..'EXECUTION CYCLES "OFfTHE i 3 * 0  MACHINE-

sOEBU'GQIn I  -CHECK -ON ?HEXxCONtENTS /CF. iMRC'!REGISTER 
=00400000 -0 040 1000  .0 0 4 6 3 0 0 0 ' ‘004 0300 0

»6000 -
-CTRN . MRlt=QD-

. .’DEBUGGING :CHECK OF -MASKHMAtRlX ■ -

iDEBUGGiNQCCHECK iON C O N flA Ia U  ) ’REGISTERS'

'DEBUGGING'CHECK^ON.C O N f B i I W l  ‘REGISTERS* *

!NO -iOFrLE XE CUT ION -C YC L'ESf CF--' T H l. iS E R l AL-tMACH INfe-. 
f3 5 ‘. - ■

!No OF !EXECUTION CYCLBS >OF‘‘ TWE'<B«D MACHINE. g .
1 ( -01103I O l  1071 ■ TRAN . . ICR=IOE)

!NO OFxEXECUTION!CYCLES.OF!THfe=SERlAL !MACHINE- ’
' 56 '

iNO .!(DFMEXECUTIdN CVCLESlOFfTHE ;3#D 'MACHINE-

‘D« ^ i j g i d e ^ c ^ e ^ o S i ? c c o N t ! § i i 2 § i o MRC;; g i i J i 5 ! §
• 6060 1

■ '0 0 5 1 0 0 0 0  0 0 5 1 1 0 1 0  0 0 5 1 2 0 2 0  '0 0 5 1 3 0 3 0
•6060

0 0 5 2 0 0 0 0  -00521010 005 2 2 0 2 0  005 23030
’6060

-DEBUGGING!CHECK =OF^MASKiMAfRlX
I  M  I  I  I '  I  ■ I
I  I  I  I-  I '  I  I .

^DEBWOGtNGiCHECKiON' C O N ( L l W )  REGISTERS

j  - I  I
iDGBWGGfNG CHECK O N ' O O N l L l W ) /REG ISTERS* ' *

:MC-! 601 )

IN !SUB =STRAN 
=00404000

H R S tO l )

I

I--

Md- to I )

^  :BK*0 W

'0 0 5 1 4 0 * 0

'0 0 5 2 4 0 *0  

M R E tO l)

I '
I-

M 15

.‘004 06000

>00105050

<005150.50

'0 0 5 8 5 0 6 0

00*0

OOlQ

0051

>0052



ii- I; «1; I;
!NO.iO F - ix e c U T IO N  , c x e u e s i l f n liH E iiS eR lA I.: !MAaHtNEi 

iNOOOF^EXEOWTI'ON;CVCLBejOF':'TIHE;:3«D MAOHZNEi

Ino  3o F f; ix E cu T Z 0 N  :e%cK8$0oF-'4we';@eRiALiiMA6wsNG).
•',84 ■ ■

!NOJ0F;:BXECtiT$0N :e%CLBS4@F%%NEJ3*D MACHINE- 

'DEBUGGINGjCWECK^OP!MASK M ATRIX"  

SNOO0FOiXEGu!iaNvCYC^ES-iOF‘.rTH i;'i$eR l AUiMAGH INEi■ ̂  9 ̂ ' ■* t ■ • -
M O 'JGPiiEXEGUTION::GYCUeS-i0P;rTHE:i3yD MACHINE;

■ -DBBUGGlNGvCHECKiJOF'MASK^MATRlX.'

MO ;:i6F;:EXEGUTlON'.:CTCL'ES.JOFJTiHE: JSER U L i  MACHINE;j g g - .  -
MO.JQFrlEXECUTIONJCTCUES'iOFH THEviS-sD MACHINE'

^E8UGGlMG<0MEGKn6^MM%&KJM^%R%X' ° P ‘

M O J O P !EXECUTION JCYCUES3&FfT&EUSERlALHMA0HIME,
. ■ io S  ■ _ '

iNO JGFiiEXECUnON-CYCUESJiOFii THE.iS^D. MACHINE- .

(>Gt i o s / l l  5-07) !OUTR, M R l T O l )

OOOOOOE OO • e OOOOOOE OOi
,  A '4 4 Q o g o a E v o lx AA;s ’lg o o o o E h o l -  «<>-6 0 o o o a l j o i ;

-I-OOOOOE-iO l eOOOOOOE 00  -
' » :300000E 'iO l - ftSOOOOGEuOl eiSOOOOOEoOl;

;OOOOOOE: -OO ■ AlOOOOOE 0 1 ,
MO JQpLiEXECUT IO N ;:CYCUESuOFi:'THE'.iSERt AL:. MAGH !NE- 

. . 126-
MO fOF;iEXECUTEON-CYCLES‘iOFh THEJ'3*aD JHAGHINE- •

-1 0  -" '• ...........
JDTRN- M R l l O l I

-DEBUGGINGJCHECKjJOFiMASK M A T R IX '
I  I  % - , I r - I  :1 ' I  f i l '

I

iCR: -EDV-.

-V

MR : f O l  I

CO

ro

> « 4 5 0 0 0 0 E  ;01 • » 50 0 00 0 E  OO

- iSOOOOCEiiOl1: -^OOOOOOE iOO

i 6 .60000SEU01. * » OOOOOOE ;00

Ih R g I-O l) V



I
!NO-iQF

.1 I I  

‘ ION':& X E C u i lO N & Y (....__________ ,Idles Vliie -.'SERIAL .MACHINE
147 ■

:No :>0F...EXECyTtON-.'CYCLES iOFFIHE '3 *0  MACHINE;11 . . .
TRAN OOOftSI MR=OOtI

DBBUGGINGCGHECK̂OF̂MASKWAtRlX

: l  t : I  i i  : t  i : It:
SNO 'OF .EXECUTION CYCLSS 'OF .THE -SERIAL MACHINE

. 1-6 S'
NO JOF EXECUTION ;GY-CLES !OF'-'THE-SesO !MACHINE;

I' 2 "  - ,
■ o c a i o C m i Q 7 1 -T r a n  :c r : m i s ?
WOiOF!EXECUTIONjeVCLBS'OF'TMEvSBRIAL iMAOHINE;

.182
iNO JGFCEXEOWTION CYCLES !OFvTWEUSaD sMAOHINE =

13
'OEBUGGlNGiCHECK'ON .HGX'iCONtENTS'OF WRC/RBOISTER

,0041-0100' . '00411 1-00 '0 0 4 1 2 1 0 0  '0 0 4131 00
6100 ■

.0 0 4 2 0 2 0 0  0 0 4 2 1 3 0 0  100422200 '00 4832 00
6200

iDEBUGGlNG-'CHECK'>dFTMASKvMAtRtX. !MRlt0S)
,1 '  ,1 -  I  I  : I  I  11

.DEBUGGINGiCHECKCON -CONiI f . I I  '!REGISTERS.
2 :2 .’2. "
3 ; ;3 3

MR 1 (-02 I

'Mg (02  I

IN =SUB=STRAN
■00414100

-004:24200 

-MRgfcOg 5

;1

e%L.
196

- C
I -

.1'
'-I-.

-2 :2 :2
;3 <3

REGISTERS'
:3 '3

I  .1 ,1 I

AeRlALvMACWINE
I

WGvGF--XXECtiTlQN XY-CLES OF 'THE 'MACHINE'- 
’ 14 ■

, fcOl S’-OSJ-Ql S‘07li =TRAN . -XR ’ (-OS I
WO'JOF .,!EXEGtiTIXN'XYCLeS'XFvTHE 'SERIAL MACHINE

• • ' ̂  a ' '
WOlOF'EXECUTION XVCLES-OF̂TME13*0 ,MACHINE 

15 '
XEBUGGING XHECK;0N5HEX CONTENTS .XF1IMRC '!REGtSTER 

■ 0 0 1 0 0 0 0 0  X O tO lO tO  001 0802 0  -001X3030
<6060

0 0 9 0 0 1 0 0  X O S O i l l o  X 0 9 0 2 1 2 0  X 0 9 0 3 1 3 0

MO'- (0 2 )

IN  .SUB iBTRA1N 
X 0 1 0 4 0 4 0

'009041 40

004 1910 0

004&S800

X O i O S O S O
=00908156

0041

0042

0610

0090



0 0 9 0 3 8 3 0

MRl (-02)

-Op,

' 6 1 6 0
i OOSOOgOO J O O S O t S t o  0 0 9 0 2 2 2 0

i 6 2 6 °  . 'G tRN
'O E B U G G I iN G -O H E C K i IOF :MASK M A T R I X  

4  i  i  ' t "  .1  i .  i i

- 1 I  |  ' I '  ' I -  .
-DEBUGGrNG - C H E C k - >0N ' C O N t l i l i ! R E G I S T E R S

.1 I  I  - .1 • I  ' I
I  - I  I  : I  I  ,1

, D E B U G G I N G .C H E C k = iON . ' C O N t S j I f d l  : R E G I S T 6 R S ^  ' l
I  2 3' ' 4 ■ '-S' 6

I il i| :? I- :|:
1NO . iOF:.EXEC U T I 'ON: :CYCUES.  1QF- DHE .;SER I  A L - -MACHIN E 

. 2 3 8
-NO ;0 F - ! E X E C U T I O N ^ C Y C L E S  i O F ^ T H E  ^3 “ D ’ M ACHINE' .

. 1 6 -

‘ m  f o a ’  •

' : 1  I  I  - {  I :  - f
JNO =OF . E X E C U T I O N  ACYCLEe =OFK THE S E R I  AL '  M A C H IN E

" 2 5 2 :
iNO - 'OF=.EXECUTION !C Y C L E S  ' O F r t H E ' 3 * 0  'M A C H IN E :

. 1 7 -
. 'DEBUGGING- C H E C K i iO F i - M A S K i M A T R i X

' I '  I  I- ' : K '  I : .  -
NO -OF . E X E C U T I O N  JCYC LE S O f  TME = S E R I A U  M A C H IN E

2 6 6
'NO OF !E XECUT rON: :C YC iZ ES ' :OF>  T H E . ! M A C H I N E

I ' 8 '  - ■
■ , D E B U G G IN G  ! C H E C K H O F ' M A S K ^ M A T R i X

'NO OF ! E X E C U T I O N  !C Y C L E S  'OF T H E H S E R l A L ;  M A C H IN E -  
■:280'

NO iGF ' E X E C U T I O N ' ! GY CLES 'OF - iTHE . '3#D M A C H IN E  
1 9''

-DEBUGGING CHECKhOF^MASKNMATRlx * MR r01S _
I  I  i  .% . i  ' : I  l \ ■

'NO -OF- : EXECUTIO N- . :C .Y CLBS n OF.- 'THE ! S E R I A L - - M A C H I N E  
. '294"

NO-1OF E X E C U T IO N . !C Y C L E 'S  , O F f t H E  3 * D  (M A CH IN E

- 0 0 9 0 4 2 4 0  

! M R l ( I O S )  .

I



DEBUGGING JCMECK iOF 'MASK MATRIX

' INO -OF .EXECUTION .’CYCLES OF- THE SERIAL,-MACHINE

=iNO )0F !EXECUTION !CYCLES -OF 'THE ;3*D 'MACHINE
' 21 „  .

-1DEe^GGING -CHECK -OF^MASK^Ma I r I x } 1

moJOF-EXECUTION"CYCLES,OF -"TiHE .SERIAL= !MACHINE 
-322 ■

?N0 i f l r  EXECUTION .CYCLES OF = THE ;3®D !MACHINE='
22

, - TRANIOGAtSI ;CP.
DEBUGGING iCHECK -OF'-MASK 'MATRIX 

■ - I I  I  I '  - I  ' : I  - '..I .

-NO .'OF E&EOwh'ON^CYctES !&F T&E ,SERIAL iMACHSNE

INO lOF EXECUTION CYCLES 'OFVTHE .'3««D !MACHINE'

OONTEN^S^OF^MRl R E G IS T G R e ^O F ve L A N E ** i° * *  
, f l 0 O O . 0 g g S g g ^ ' ' ^ O O O % g ^ g g " ^ ^  ^OOOOGE iG l
i o e o o g g P g * * !  ^ 6 o o e & * g 9 g g ^ . .  ^ o o o o o E  /Q i

. O O O O ^ g g ^  UtGGGGE--GS
!NO =OF "EXECUTION !CYCLES =OFvTHE S E R IA L  -MACHINE 

• 3S7 ^
,NOvOF!EXECUTION!CYCLES)OF""THEi3*0 MACHINE

‘24 '
, t o i s o a f G l t o e i  TRAN- • :CR (0 4 )

'NO =EXECWTION CYCLES OF THE !-SERIAL: MACHINE 
!3 © 3  .

'NOvOF EXECUTION CYCLES ,OF - THE =3*0 MACHINE
•‘25 ■

^DEBUGGING-CHECK.ON HEX!CONTENTS ^P :# R C 'R E G IS T E R

g g m m  - g g l? g ? l§
'OOS21200 009 2021 0

DEBUGGING-CHECK OF MASK-IMAtRfX- lHR4i01>
' ! ■ ■ . I -  I .1 ■

'20

Gp

M R :IO l  I

* 4S0000E -iOl 

" BSOPQOG '01

U S 500Q E>02

=MC'. IO l  I ■

IN ISUBVSTRAN

MRl(Ol)

.:0 PM

- »:500000E. = 00

'**&flOOOOE G O .
• ISfiOOOGE Ol



=DGBUGGSNG' i'GHEGK, 'ON^CONH i  I  AU irREGlSTERG

" i  11:
,DEBUGGING:OHECK 'ON -'OONt 2 i I } ^REGISTERS

, g  . ^ ; .  , . , .

:g. .1

W O)OF.:E^EOUTlON*eVCLE&iOFi THexGeRlAUMAOHING
>369: 1 - -

=NO OF !EXECUTION !CVCUESnOFrTHE^B=D !MACHINE;
• -26< ■ '

( O ib O E iO l tO ? )  TRAN: CR t 0 8 )
SNO iOFrEXEGUTlON !CYCLES ^OF- THG^SERIAL =MAGHINE'

<383 =
(NO OFHEXECWTION =GVCLES :0F:'THE ';3»0 MACHINE,

■ -"27. ' • ■

•8 M , m i g 8 < i 8 ^ e * - i i8 8 iT $ $ d 60Nm ® M* e i m $ ! i ! 8 -
«6060
, '0 0 9 0 0 1 0 0  -00901110  '0 0 9 0 2 1 8 0  '0 0 9 0 3 1 3 0

'6160 ' - ■ ■ ■ • '
-CTRN IMRl 101)

(DEBUGGING =ONECK!OFnMASK!MATRIX
• I  : - I  M 1- - I  . I -  I  I

'DEBUGGING!OHECknON=CdNIlA I  B i )  !REGISTERS 
<2 - ' 2  Jg.= • ;2 ■ }%]

■ /.DEBUGGING'WECKnON =CON('2A I4U ) 'REGISTERS
I '  "  . 1  -

'NO .'OF !EXECUTION ..CYCLES (OF^THE !SERIAL. MACHINE'
"397 •• •

=NO JOF .EXECUTION .CYCLES ’0F'VTHE'i3=D .MACHINE=
■ ;8S ■

= BRNU' -A lB

iN O ® 'O F iE X E iu? I^N '. :C Y c i ls  iOF =1THE-=SERfAL^MACHINE.
• * ̂  O 4 * ‘ •

'N O 'C F (EXECUTION =CVCLBSrOFriMEnS^D 'MACHINE:
^ 3 9 '  * ' ■'

.'DEBUGGING =CHECK-ON ;HSX CONTENTS .'OFnMRCnREGlSTgR 
'0 0 4 0 0 0 0 0  UOAOlOOO .0 0 4 0 2 0 0 0  '0 0 4 0 3 0 0 0

»6000
^ , =CTRN =M R lfU D

,DBBUGGING=OMECKiOF MASKnMATRlX
• , I  I  I"- I  - I - - I -  : I  ■

'Mo f u n

IN =SUBnSTRAN
■ ' 0 0 9 1 4 0 4 0

> 0 0 9 0 4 1 4 0

iM R K U i )

= 2 
I

;6

- i

i

MG- ( U l )

I N  UUB =STRAN 
'0 0 4 0 4 0 0 0

;M R 2 ( U 1 )

U d S l B O B O

U O S O B I B O

0 0 4 0 5 0 0 0



DEBUGGING CHECK ON C O N d , ! , . J l  REGISTERS 
I  I  I  i  ' I

DEBUGGING CHECKROW C O N ( S f I f J )  REGISTERS

NO OF EXECUTION CYCLES OF THE SERIAL MACHINE 
411

NO OF EXECUTION CYCLES OF THE 3=D MACHINE 
30

( 0 1 1 0 3 j 0 i ; o ? )  Tr an  cr ( o e i
NO OF EXECUTION CYCLES OF THE SERIAL MACHINE 

432
NO OF EXECUTION CYCLES OF THE SeD MACHINE

I

I

MC ( C l  I

DEBUGGING CHECK 
001 00000

6060

: ON HEX
001 0101 0

CONTENTS OF MRC 
00102020

REGISTER
001 03030

IN  SUB STRAN
00104040 ■ 00105050 OOiO

005 1000 0
6060

005 11010 005 1202 0 005 13030 00514040 00515050 0051
005 20000

6060
0 0 5 2101 0 005 22020 0 0 8 2 3 0 3 0 00524040 005 2505 0 0052

CONTgf I f  JJ REGISTERS
4 S

3

d e b u g g in g  c h e c k  oFTm ask  m a t r i x  MRS 0 1 $ 
1 1 1 1 . 1 1 1  
l l l l l i l  
i i i i i a i  

DEBUGGING CHECK ON C O N d f I f i j I  REGISTERS

I . I I ‘ *
DEBUGGING CHECK ON 

I  2

I I
NO OF EXECUTION CYCLES OF THE 

453
NO OF EXECUTION CYCLES OF THE 3«D MACHINE 

32

mr 1011
l l l l l i l  

NO OF .EXECUTION CYCLES OF THE SERIAL MACHINE 
460

NO OF EXECUTION CYCLES OF THE MACHINE

DEBUGGING CHECK OF MASK MATRIX  
I  I  I  I  I  I  

EXECUTION CYCLES OF THE SERIAL MACHINENO OF

M R E iO l)

4 5
4 5

SERIAL MACHINE

6

i
7
7
7

CO

''J

FDV



'NO. OF .EXECUTtON.:CYCLE6 ;OF, TNE^3«0 'MACHINE'.
■. 34

,DEBUGGING CHECKiOF iMASK /MATRIX .

iN O /OF .'EXECUTION CYCLES .OP^THE^BeRlAL 'MACMSNG

:N0 'OF.EXECUTION-CYCLES :0F:T1lHE'i3«D -MACHINE.1
'535

.'DEBUGSINQ .CHECK^oI h M ^ I k ^Ma I r I x '-

!NO )OF ;EXE C uiiO N ^evd&G S '&F ' iM E ^ a e R IA L  .MAOHtNE,481 •
'NO 'OF.!EXECUTION-CYCLES'OF/THE 13*0 'MACHINE;/36'

5 IO l-IOS i /0 1 107 5 )OtjT'P: ,-MRliO l 8

>8 o o a l l l ? ^ j S ? o o o a l l p | ^ E‘" °

. o o o 5 ^ I 5 8 S ? 6 '-0 l e o o o 5 $ g ? , S ^ - , o t  e 2 0 0 0 0 0 E ,° 1

. i o i o o W ^ ' ^ i i e o o S g E ^ ? 0^ 66  ' r 1 * 0 6 0 0 ? " 0 *
WOJOF^EXECUTtGN!CYCLES!OF/THE;SERIAL:MACHBNEjp 02  , . . .

W O 'G Fi'EXECUTION '.CYCLES'0F'.'"RHE.i3*D 'MACHINE'
■ - 537 ■ ■ '•

,  5OTRN 'MRI  ('04')
-DEBUGGING OHECKwOF iMASK '.MATRIX:

I  T l -  - I '  .-.I' -- ..I ' I .  U
' if; I  I. I; :•}

■ 'NO 30P,/EXECUTION'CSCLBS . OF ; -«Mti iSER:AL:iM*CW;NE' 
■ '523

/NO HGFFEXEOUTION ,'CYCLES iOF,TTHEU3*D 'MACHINE,'38
, : TRANOOOatSI !MR t o i l

'DEBUGGING CHECK sOFi ’MASK-'MATR iX-
- 1 / 1  , : L  t  I ;  1 / ; ^ '

lNO:)OFv;E$ECuh-GN /CYCLES' 'OF-f IHE .-SERI AL: WAGHINE - >544 - -
-•NO .'OFi-EXECUTION !CYCLES 'OFTTHE.!3 *0  !MACHINE*

’ -5.39 - ■ ■ ■ •
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This appendix is  inc luded  to  g ive  a p re l im in a ry  idea o f  

the c o s t  in vo lve d  in  b u i ld in g  a p ro to typ e  o f  the 3-D machine.

The c r i t e r i o n  o f  c o s t  e s t im a t io n  used he re in  is  undoubtedly a 

s im p l i s t i c  one bu t i t  has been used by hardware des igners  f o r  a 

long t im e . The u l t im a te  hardware r e a l i z a t io n  techn ique used m ight 

re q u ire  a c o s t  es t im a te  re v is io n .  The c o s t  e s t im a t io n  here is  

based on the  number o f  gates needed in  a c e r ta in  s u b u n it .  Even i f  

gates are no t used as such, an e q u iv a le n t  to  the f l i p - f l o p  which 

is  assumed (e .g .  a gate count e q u iv a le n t  to  the f l i p - f l o p  which 

makes a s in g le  b i t  o f  memory is  used to  es t im a te  the  c o s t  o f  the 

memory). In the a n a ly s is  a cos t es t im a te  o f  U /g a te  i s  assumed, 

which is  more co n se rva t ive  than most es t im a tes  used in  u p - to -  

date p u b l ic a t io n s .  In a d d i t io n  i t  has been assumed by i n t u i t i o n  th a t  

the hardware c o s t  comprises o n ly  10% o f  the  t o ta l  co s t  o f  an o p e ra t ive  

computer system.

Gate count per c e l l  o f  the MC

AND gates 1504

S-R F l ip - f l o p s  160 

NOT gates 160
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Gate count o f  a MC o f  N1- x Nj- x Njc c e l l s

Assume th a t  an S-R g l i p - f l o p  i s  e q u iv a le n t  t o  4 NAND gates. 

Gates e q u iv a le n t  to  the MC = N1-xN jxN ^x t1504+4x160+160)

= (NixNjXNk )x2304

Gate count o f  a CP o f  N1 x Nj c e l l s  
----------------------------------------------------------------  ;

Assume t h a t  each c e l l  o f  the  CP has 11 re g is te r s  o f  32 b i t s  

each. Each r e g i s t e r ' s  b i t  i s  an S-R f l i p - f l o p  w i th  fo u r  e x t ra  

g a te s /b i t  to  c o n t ro l  the  r e g is t e r ,  i . e .  each b i t  o f  the  r e g is t e r  

i s  e q u iv a le n t  to  8 ga tes . A lso assume 512 words o f  read o n ly  

memory f o r  each microprogrammed A r i t h m e t ic / lo g ic  u n i t  (ALU). Each 

word has 32 b i t s ,  w i th  6 g a te s /b i t .

Gates e q u iv a le n t  to  the  r e g is te r s  = (N1-XNj) x 11 x 32 x 8

= (N1XNj) x 2816

Gates e q u iv a le n t  to  the  reao o n ly  memories = nx512x32x6

= nx98304

n v a r ie s  from I to  (N^xNj) depending on the number o f  ALU's. 

Gates e q u iv a le n t  to  the  CP = (N1-N j)x2816+nx98304

Gate count o f  an IOP o f  N1- x Nj c e l l s

Assume 2 r e g is te r s  per c e l l ,  w i th  32 b i t s  each. IOP r e g is te r s  

are o f  the same type o f  r e g is te r s  used in  the CP. Gate e q u iv a le n t
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t o  the  r e g is te r s  = N-}XNjx2x32x8 

= NjXNjx512

Gates e q u iv a le n t  to  the  c o n t ro l  r e g is te r s  = mx(N^+N)xlO

= IOmx(N1̂ N j )

Assuming th a t  the re  are m IOP processors : m v a r ie s  between 

I and (N-jxN j). A ls o ,  assume f o r  each processor a HCSR and a VCSR; 

these r e g is te r s  have N1- b i t s  f o r  the  VCSR and Nj b i t s  f o r  the HCSR 

w i th  10 g a t e s / b i t  f o r  the  r e g is t e r s .

Gates e q u iv a le n t  to  the IOP -  ( N ixN j)x512+1 Omx(N^Nj)

Gate count of. a CR o f  N̂  x Nj x N-] c e l l s

There are 3 r e g is t e r s / c e l l  o f  CR, each r e g is t e r  has 32 b i t s .  

Assume 5 g a te s /b i t  o f  the  r e g is t e r .

Gates e q u iv a le n t  to  the CR = NixNjXN-jX3x32x5

= (NixNjXN^)x480 

Gate count o f  the 3-D machine

Gates e q u iv a le n t  to  the 3-D machine = (N^xNjXN^x2304) +

Gate count o f  the  3-D Machine

Gates e q u iv a le n t  to  the 3-D machine = (N^xNjXN|<x2304) +

(Ni xNjx2816 + nx98304) + (N1NjXSl 2 + H ix lO x(N ^N j) +

(N1X N jX N ^S O )

Assume: N1= N j, and N&=N^/2
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2 p
Gates e q u iv a le n t  to  the 3-D machine = N-xN x2304 + N.x2816 +

p 2 k 1
nx98304 + N.x512 + 20xmxN. + N.xN. x240

2 1 2 1 1 
= NjxN|(X2544 + N^x3328 + N^xmx20 + nx98304

Assume: N^ = =N ^,, m = 3 N:  , n = yN?

3 p
Gates e q u iv e la n t  to  the  3-D machine =? «xN1x2544 + N^x3328 +

N^x3x20 + N?xyx98304

N?x(“ x2544 + 3x20) + N^x(3328 + yx98304)

For N1- = 16, = = I , (3 = y = 1/64)
3

Gates e q u iv a le n t  to  the 3-D machine = N1-X(2544 + 20/64) +

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  t h i s  gate coun t,  the N: term is  dominated by the  storage
I

requ irem ents o f  the MC and the CR w h i le  the N? term is  dominated by 

the  process ing requ irem ents in  the  CR and the IOP. I t  i s  t o  be no t iced  

t h a t  the  s to rage requ irem ent is  around 10 times the process ing  

c o n t ro l  requ irem en t. This is  f o r  the case o f  a 3-D machine having 4 

ALU's and 4 IOP processors .

For: N. = 16, (.« = 1 , 3 = y  = 1 / 2 5 6 )
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Gates e q u iv a le n t  to  the  3-D machine = 

nJ x (2544 + 20/256) + N1 x(3328 _  98304/256)

= N ,x (651 ,264+20) + (851,968 + 98,304)
- • ' . ■ i

-  16x651,284 + 950,272 

= 10,420,544 + 950,272 

= 1 1 ,3 7 0 ,8 1 6  gates

The above c a lc u la t io n  is  f o r  the  case o f  a 3-D machine having 

a s in g le  ALU and a s in g le  I0P p rocessor.

For: N1 = 16 , («= B= y l )

Gates count e q u iv a le n t  to  the 3-D machine =

N?x(2544 + 20) + N?x(3328 + 98304)

= (4,096x2,564) + (256x101,632)

= 10,502,144 + 26,017,792 

= 3 6 ,5 1 9 ,8 3 6  gates

This i s  the case o f  a f u l l  p a r a l le l  machine w i th  256 ALU's 

and 256 I0P processors .
i

D o l la rs  Estimate

. For: N1 = 1 6 ,  ( a = I , B = y = 1/64) , T t / g a t e  .

Gates c o s t  = l l , 6 6 6 ,6 8 8 x ( l / 1 0 0 )  = $116,666.88 

Machine co s t  = 116,666.88 x 10 = $1,166,688.88

The l a s t  f ig u r e  i s  a cos t es t im a te  o f  an o p e ra t iv e  3-D 

computer w i th  4 ALU's and 4 IOP processors .
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There are many p o t e n t ia l l y  use fu l techniques f o r  non-conductive  

t r a n s fe r ;  however, a l l  f a m i l i a r  schemes s u f fe r  from one o r  more 

se r ious  shortcom ings. The most common o f  these a re :  ( I )  The re q u i re ­

ment t h a t  an energy source be p resen t a t  any c e l l  to  be read , which 

no t o n ly  makes the  machine expensive to  b u i ld  and m a in ta in  but a lso 

c rea tes  a tremendous heat d is s ip a t io n  problem. (2) A p o te n t ia l  

c o n f l i c t  between in t ra p la n e  (conduc tive )  t r a n s fe r  and in te rp la n e  (non- 

conduc tive )  t r a n s fe r .

F igure  H . l i s  a schematic o f  the  la s e r  non-conductive  data t r a n s ­

f e r  mechanism. I t  i s  non -idea l in  t h a t  edge connections are necessary.

A l i q u i d  c r y s ta l  can change from a t ra n s p a re n t  o b je c t  to  a l i g h t  

r e f l e c t o r  (b lo c k in g  the  la s e r  beam f o r  w r i t i n g  in to  the c e l l )  through 

changing the b ias  v o l ta g e .  A photo d e te c to r  feeds back the  in fo rm a tio n  

concern ing the con ten ts  o f  the source c e l l  being read to  c o n t ro l  the 

t ran sm iss ion  o f  i n h i b i t i o n  o f  the w r i t e  s ig na l to  the d e s t in a t io n  c e l l .  

To achieve n o n -d e s tru c t iv e  read ing  c a p a b i l i t y ,  a s p e c i f i c  wave leng th  

is  used f o r  read ing  w h i le  a d i f f e r e n t  wave leng th  is  used f o r  w r i t in g  

(8) e .g .  f o r  NaF c r y s ta ls  the w r i t e  wave le ng th  is  505 nm, w h ile  the 

read wave le n g th  is  203 nm)..

H e te ro ju n c t io n  la s e rs  (34) are ve ry  prom is ing as a non-conductive  

means o f  data t r a n s fe r  except th a t  they  are  s t i l l  experim enta l devices 

and have never been mass produced. One o f  the most a t t r a c t i v e  fe a tu re s

/



o f  h e te ro ju n c t io n  la s e rs  is  the  fa c t  th a t  they  can ope ra te  a t  room 

tem pera tu re . They have t h e i r  own shortcom ings such as th e  r e la t iv e ly  

p o lych rom a tic  na tu re  o f  t h e i r  em ission compared to  sem iconductor la s e rs ,  

and the  low e f f ic ie n c y  o f  em ission compared to  sem iconductors. These 

shortcom ings can be ve ry  w e ll to le ra te d  w ith o u t degrad ing the p e r fo r ­

mance o f  the  3-D machine s ince  l i g h t  tra n sm iss io n  in  the  3-D machine 

is  l im ite d  to  a s h o rt d is ta n c e  (no more than 5 fe e t ) .

LED -  f ib e r  o p t ic  techno logy has reached a h ig h ly  developed 

(15) stage in  which bundles of. f ib e r s  can be manufactured and stacked 

to g e th e r to  be connected between a source and a d e s t in a t io n  which might, 

re q u ire  bending the  bundle w ith o u t much lo s s  o f  the  l i g h t  tra n s m itte d  

and w ith  a ve ry  m inimal amount o f  c ro s s - ta lk .
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