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Separate data and

program memory

HARVA RD

program ARCHITECTURE

" MEM

-Allows parallel reference of data
words and program instructions

-Difficult to move a program from disk
to program memory
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« Important for special pupose processors,

o Complex instructionset (CISC) in general

Instructionset Tuning

critical functions can be supported by
hardware

purpose processors:
-Multiple addressing modes
-Bits, arrays,
structures, stacks

-Floating point
-String
-Stackframes

Why CISC?

-Functions performed by hardware

are faster than software
-Compilerwriting gets easier

A

General purpose microprocessars ¢ ¢/sc)

-Operating System support
* -Memory management,
Segmented. virtual memory
» -Security, os/«<e
priviliged instructions,
No accidental overwriting of
segments
-Compiler support
-Addressing modes,
stacks,arrays, structures
-Uniform instruction set
-DMA support
-Allows parallel 1/0 and
processor actions
-Arbitration needed

-System developement support

-Debugging at hardware level
-Hardware trace option
-Hardware breakpoints

TP A e

3u



-Speed
-1to 5 MIPS
-Cashe, full, address, Instruction
-Pipelining, parallellisme
-Internal registers (16 words) -

-Compatibility
-Upward compatibility to
simplify system design
-NS16016,16032, 32032
-MC68000, 68010, 68020
-180886, 80186, 80286
-18080, Z80, 7800, Z8000, Z80000

-Coprocessors |
-Space limitations forces

implementation of some function
On seperate chips

C
-Allows flexible hardware extension

-Memory Management Units (MMU
-Floating Point Units (FPU),
MC68881 FPU, ful IEEE FPU
implementation

)
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Memory management
(Intel 80386)

logical address

L I 1 linear addrass
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main
memory
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segment
lable

page
directory

-Segmentation allows seperate address
spaces for processes
-Segmentation prevents accidental over-
writing of memory used by another
proces

‘ i~
-Virtual memory space allows a very
large address space

-The virtual address space is divided in
pages

-Pages not in main memory are in
background memory (disk)

CAs




— o4 —— 2 ]
‘_—*TYPCJOHQM ,other imfo 5'}“:'::!‘ _.é?
‘o LAPX -432 s'z:-m
fine qung_d,
ﬂfﬂt’ecfr
o CAPX -432

t APX - 432 CAPABILITY-BASED AIRESSING SCHEME

K- d2~hit Virtual

Addres;—ﬂ

Se_tn!ut'

L

VARIABLE $12€ SEGMENTS

ACCESS SEGMENT

Fa—x—— Ay ———

Rl'; Lts

SC}M-t'd ater

SEGMENT (OR 0B)ECT) TABLE

Jupperty oéjed‘ orrentee! enwronment_;

(Sma,&tau

=)

s

The Inted CcAPX-43Q3, processer

o representy He most cowp-(de g,o/rvaci
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e Micro Programming I

* CPU is controlled by an interpreter in the u-store.

Instructions in the p-store are executed directly in
hardware. ‘

. Separatign of conventional machine level and
hardware implementation.

* Upward compatibility can be realised in p-program.

* Madification of the hardware implementation only
affects the p-program (interpreter)

* Moving functions from software to the K-program
results in a faster computer.

* High instruction code density. (Small program size)

. M.icroprogramming
stifl the correct way to go??

* The difference in access times of u-store and main
memory has decreased., (was factor 10, now 5)

* Not all implementeq instruction are used frequently,

* Additional instructions may slow down existing
ones. (n+1 effect) .

" l-programs become increasingly longer and more
complex to maintain upward compatibility.

* High level instructions requiring many w-instuctions

do not Necessarily match a given high leve)
language, : '

r

* ALIERNATVE : RiSC Aproa c,

3y
RISC DESIGN _PHILOSOPH Y
n Lyse Clarget applications T determine

whick olnrat':'oﬁ; ore USed wosh freg uenfey.

2. Optimize the data pats des:’;n o execute
these Instruclions as quickly «s ,nosciﬂ'e .

3. Incluodle other ‘nstruclions o..cj, 4}' ﬂey f.r[‘ inlo
Preu-’ous@ olevelopeot dlatepath  are r!e&dw;l!y
freqaent , and theer iycbusion wirel not S.uw e
execulion of the wore freguenl cnstructions.

4. A o ssmilav stralegy To the der;'ﬁu of o#.er‘ '
processer resoacces. luilude & retource.ou% if :f: I
jush'/:‘ed ‘7 vfs fre?uemy a/ use, aud iy inclusion
will mot sbocw ofker, more frequeatly useel, n-:oarte.‘r

5. Push ar much complexily ap reawnable from runtime
Rardware into the compile-time Sofbtware

o The RiSC den”jner 1) free b mgke tradeoffy
occross Soundarier o,C
o architeclure [rmplementation
e Rardware / software
. wm,o:'{’e -trme / ruy - &7 we

RERRNCH. e




FEQTURES commoncy sEenw N RISCs

‘. -Sr‘ane, cc,cfe execution of most rnstructiong

1. locut/ store ¢nstruclon sel” (re,csfrr—&-r!;ufef/
(compare o w-To-w , wm-to-r)

3. Haredwired i1nstruclion decod:n}
4. Relytivedy ﬁw enstruclions and address unodes,

5. Fixee intbructivn ﬁ:rmat" wple decodl
(see cowparifen of Rescr, lMX ﬁ -¥32)

6. Com,'-(éﬂ? f&ﬁfdg}:ﬁﬁmg‘& %1{5;

t. ‘{"3‘{?7 pipelined dalapalth for mudh Conerrency
g £a7¢ register sel (wivdoweol er wot windoweo)
I. ménr beve d; of nm:moy flk’rorrcfy)

te. Instrvelion sel a'el;:?ned for a .r/:ea'/r"c
q,a/:l('caf‘lb') elass

REGISTER [MEMORY ExecuTion Mopers
EXAMPLE 4 A «— B+ o

ARCHITECTURE METRICS:

I : totad sise of executeel Cuitructiong
D ¢ totad siza of executeo olate
M. total mewory tra £fic

1w

]

c c

HENE

o
A ﬂ::CI
i

» ~

I = 104b. D = 960; M = 200

(Registerio-Regeier)
% - 16
S AT T

A

flE|E[E |-

I=7T2 D« 86 M= 1580
amony-u- itar)

OPTIMIZING COMPILER EFFECT]

[ ] 4 .
IR B A-8+C
T T C B-A+C
ADD s SmyC] o-b-s
STORE 3 1A A ]
OO " S A |c| s « 4 4
STORE § 1B B ADD s Al B: C
LOAD r) D ADD Bz Al
su8 D SuB L DLW
STORE § D D 1
Reuns of Operands aflocaes Opetands in Rege
| = 2280, 0 = 1920, M « 200 = = b M = 600
| WPeguaioPayned
[ ] W w
ADD ] C
ADD A [
SUB 8 B

Yy




COMPARISoN of THREE MAcyinvE] -~ 11
C R18C £, VAX , (APX-430) :

FOR “TNE EXECVTION SEQUENCE MIPS (Stanfor iversity). .

‘2‘: E’;‘;“: ‘ ! Microprocessor without Interlocked Pipe Stages
e D-B
‘ True 32 bits architecture
: 2 um single metal nMOS VLS| implementation,
N ’ 16 general purpose registers
O £ DEST 3 soum oz _ 6 pipeline stages ?
ADO A L ;:':, < i . .
; cycle time 250 ns (4 Mhz)
( [ M Sl Nl SC U N LD Delayed branching scheme
sue LI R —— n ) . . ASSEMBLy
i . , Two level instruction set architecture < MACHINE
K Y L T — ' Instruction r%orde{ing b n '
- _ * exploiting the delayed branch instructions
Qopwiean § oot ®§ oo, €1 2 , . * removing depencies between instructions in
“ "L e | e o : pipeline. ‘ ‘
[F operana) e i _ . *packs instructions. {code density > 1
facorit . ' _ Instruction/word) :
| . ! Compiler performs a cost driven inline code
o ~ i expansion,
I opetancs. :
( byt - c " i | p | OSprotection: user- and priviliged mode
- L : o' ' " User protection: segmented/paged virtual memory
: A 1 operard E a
[ meemory ' g ! system calls are traps to the OS.
| { > lue g
CoNCLUSION : :

Although Variadde -siseol Lnstruchonp
duprove fle archifecherod melrics

-/‘87 also make /mitruchHon olecoctin :
moTe expens/ve . L
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INSTRUCTION PIPE LINE oF MIFPS

E-stages 7 1 It is olt'ffa'm.ttf' D say houws m«mj
‘J' stages fecouge there Qre
I!a'([- awnel fﬂ-ef-cjr.(g :f'qacg
Cloch M L v e rovr
Ingtruction O | ICACHE fiO¢: oP

RF ACHE]WB
A .

Insiruction rcacue Joed or |
! RF | DA _JDCACHE|WE

(T

[\CACHE JDE]] _OP
Ingiruction 2 - o

[ocacHE wel

nstructi ICACHE pDE [
o RF DA DCACHE | WB

Latset:  Pipating SLape Fusclion: "y
HCACME  Instruction cachs scoess l—-—-'
WEC  Inatrwchon decode
o ALLL S operaron
o Pagisier operand lgwch
ok Dsla aaress calculation
DCACHE Dala coche access
wa Wil Bach b0 regieter
ETY slruction Badress catculation

INSTRUCTtow PIPELINE of RISC T

3- stages
il " lnw§ EXEC Im_l
Pioaire deta Gragrding
LIy i+ 1 nweds data o g i}
. lﬂl ¥ Im EXEC Iwnrrg—l
' Pipatine desa forwarding

WisZnesde i+ 1% oma)

[ T [owe]

v

RISC Il (Berkeley)

_True 32 bits computer

8 frames each containing 16 general purpose
registers. REGISTER winNDows

8 Mhz clock (500 ns cycle time)
4 um single metal nMOS VLS| chip
3 pipeline stages.

pipeline data forwarding to prevent pipeline C
instruction dependencies

fast procedure calling mechanism using register
frames

OS protection: user- and priviliged mode
virtual memory support: paging

- WiNpows 0 R REGISTERS ¢

o A new winelow vf r?/lér/er,( ‘5
awlow alically allocated %
each procedure call

e Window| vuee So fhat Jome
reg!:fers aré S‘:'Iuw(faneoas-‘{y

parl of two windows.
o The oue-é’a./oﬂa'nJ /mrf N aoew 7&7’

araw _passm .




RISC T MUCTI-wiNDow REGIJTER FILE

restore
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Tuble ). RISC processons datapaih festures,

Processor Pipeline Siages Regisier Sa1 Delayed Bomch Execution Unitg
Accel 3 48 32-bit regisiey windows o1, with defay of 2 Scparaie integer and
-with overlap of 16, 312 Roating point ynag
windows
ARM ] 32 32-bia, 25 for user Humlih-hduiq 1 plus Gesch incrementer
AMD19Y00 2 Variabie Weu, plos songasiaey T evecuie and
. fesch/ decode
CAP ? 16 per processar Send bewk ugriens, o Scalar unit plus wector daty
Scxoniing e dus mask and address wnity
CQlipper 1 46w, 36 special, 16 T tiuemandnuliq
pervisgr, gl 32-big B poiot, all on chip
CRISP 3 32 32-bit, a5 2 siack eache Branch lolding Z preferch and decode, and
o;eation units .
Dragon ? 1 Static beanch pufiction T imyrruction fech, execute
FAIM-1 2 Suack k3 Z evaluation and switching
. procetsan
MiPs 3 tsex Figure 1) 32 general purpose, | PCL 2 Ves, with mmicving 2 CPU and sysiem
- arithmeric, 5o windowy coprocessor. Separaze dai
. and address uaity _
Pyramid 3 328 32-bit in 15 windows of Yes Scpasate instruction faich
“ . and aaccution units
Ridge 32 4 16 22-bit with overlap Branch prrdicrion, T insruction feich, execute
windouws
ROMP 3 16 32-but, 10 sysiem, port  Ves, branch with cucuae ]
regisicr file insTucies
Specrum 3 32 32-bis general purpose Vs, winh mwrgmization 1 CPU plus coprocessany
Traaguier 7 &)2-bia 1 T oecute, 110
Whetsione 3 4 . ¥ arithmetic, address, 140
MIPS.X 3 32 32-bia gevenal puspose Yes, with squadh ivtruction, Separuie xecution and PC
. delay of 3 .
SOAR 3 72 32-bit dual port with 33 Yo, wih byl Ionte, 3
register windows, uling - Must o ype chacking.
overlap of §
SPUR 4 32 32-bit regisiers in cach Vs, with camc comp B, bus i ior: and darp
window, using owerlap of § instruction fezches concurreatty
and 10 globat
CDCGaAs ¢ . 16 32-bit general purpose Yes, with semgnitacion sad 1
delay of 2
MDD Geas 4 b6 32-bit general purpose, ¥, with mgenizacion snd  §
16 32-bis special dcley of }
RCA GaAs § + 2waiyy 6 wihs variahle sipe Ve, with igmiew insrraction Separate excoution and PC
windows or beckground and debay o3 A
loading




Processor Number of [nsiructions Decoder Instruction Lengih
Accel 142 ineger, 126 Noating poi Macsocoded k] are 16 bits, 10% arc 32
of B0 bits
ARM 1 Prograssashie logic arrsy All 32 bins
AMDI9000  Variable Hardwinnd or microcoded 32 biag
CAP 33 general, Taciemific, 9SIMD  Mardwisnd: vectos units are cither 16 or 32 bits
suppon 36 or X2 bis
Clippet 101 general, §1 macinstrections  Hardwised with 2048- word Muliipbes of 16 bits
macromstrection ROM
CRISP 3 Deoder wain 16, 64, and 96 bits
Dragon appron. 150 Prograzanable kogic array 8, 1§, 24, or 40 bits
FAIM-1 64 Fatinz sant machine ?
MIFS ? Hardwined All 32 birs
Pyramid %0 Micracoded 32, 64, or 96 bits
Ridge 32 10 Microcoded 16, 32, and 48 bits
ROMP n Hardwired with 236 words of 16 or 32 packed 10 32 bty
mictocade
Specirum 140 PLA with millicode All 32 bins
Transputer 16 Programmable logic array AllS birs
Whetsiane 18 basic, 181 total Basic insrections have hardware 16 bits
docode
MIPS-X <12 Mardwised, distributed Al 32 bits
SOAR 20 Handwired 8, 16, and 24 bits
SPUR 28 geaenal, 10 Lisp suppont, 23 Hardwired CPU and FPU Al 32 bits
Noating point
CDC GaAs 29 CPU. 1 FCOP, 6 MMU Hardwired Muhipl; depends on
. EECuLion uait
MicD GaAs <64 Hardwired All 32 bias
RCA GaAs < 64 Hardwired 32 and 64 bins
Processor Cycle Tame /Cloxh Rale Imuucion Raxe (MIPS)
Accel 0 ns . 32IMIPS
ARM SMH * 34 MIPS
AMD29000 2% 43 MIPS
_,C.Af' L 10MHe D 25 MMz 123 MIPS peak, scalar unit
Clipper I3 MHz SMIPS
CRISP 16 MHz > 10 MIPS
Dnagon 10 MHe 3 MIPS per CPU
FAIM-1 1 ? *
MIPS 16.6 MMz IMIPS
Pyramid [ro] ) T4 MIPS
Ridge 32 125 1-4 MIPS.
ROMP o IMIPS
Spectrum 30 MKz 08 MIPS
Transputey $0ns WMIFS
Wheistone WVm S33IMIFS
MIPS-X 20 MHz > O MIPS
SOAR 400 ms See- vext
SPUR 1500a 4
CDC Gass S 9 REPS
McD GaAs 0m 100 MIPS
RCA GaAs 200 MHz 0 KPS peal

4}

Tabie L. Decvigtion of RESC proceisen.

o

Manuf:

Confi

-

1urer 11 logy Application
Accel Celerny Computing. Single-boasd CPU Ut NCR 32000 Multiuser scientific and
and workszation MO5 dwp 1 general purpose with
- . Unix suppert
ARM Acors Computers Microprocesior and 210 3 MO8, 25K Worksianon for HLL
single-board computey [ programming and real
nime Al
AMD29I00  Advanced Micro Chip et 10 constnuc Tipohw LSt with ECL Construct 1arge
Devices CUSom COmpuLEr ol snd TTL architectuee without
. ity fute cusiom VLS!
;Al“ ITAT Advanced Tech-  Slave muhiprocessor 12w IpCMOS 120K Signat processing. image
nology Center [ oS0 i - ing, and scientifi
calculations
Clipper Fairchild Singhe-board compurer 3 chigs of 2 CMOS, Scieptific programming
soal of SMK i n » Upix emvi
CRISP ATAT Microprocessor LTS o OMO5, 111K General purpose
P
Doty Xeron PARC Mahiproceisor 1 C05 Symbolic processing. Al
E worksation
Wﬂl ‘Schlumberger, Palo Muhiprocessor Comom VLSI CMOS Syrubolic proceasing, Ab
Aho workytation
MIPS MIPS Computer Microprocessot, chip 1, 2. CM0S, F00K General purpose
Sysiems and minicomp = programming with Usix
suppon
- Pyramid 90X  Pyramid Techniol Superminicomp Schonky TTL Scientific programming
and graphics with Unix
i support
. Ridge 32 Ridge Computers Workstanion and STTL and MOS V1Sl in  Scientific programming
superminicomputer wakiple chipy and graphics with Unix
suppart
ROMP M Microprocessor chipsa  2cgwof Ly NMOS  Sciemific and graphics
' with sl of UK worksuation with Unix
) | ] suppor
Spectrum Hewlert-Packard CP family L9 p NMOS, 515K Scientific, businets, and
(HP Precision aasancy insrumerntation cotnput-
Architectare) ing with LUnix suppart
. Y :
Whetsiooe I,  Integrated Digital Single-board compwaey,  Bigolw VLSI with ECL.  Plug-in replacement
Wheuiope Il Producs onc-chip CPU - imernal andd TTL Semeral purpose
P
MIPS-X Seanford University Microprocessor chiipass  2pCMOS Uvdlad MIPS,
yﬁ Usiversity of Micoproceisor and WMOS, 15K mansistors Semalicalk - 80
Calfornia, Berkeley proceisoe board H
i workstation
ydf Usiversity of Mubiprocessor 32y CMOS  Panaliel processing
California, Berheley work station research in Lisp
€Rvironment
CDC GaAs  Coouol Deia Microprocessor chip st Fchigs of 10K garet Embedded computers for
each in HIIL Gads wmgnal processing
McDGaAs  McDonnedl Douglas Micoprocessor chipss  E-JFET GaAs, 41K Embedded computers for
Sdmeaors im 1 cligs signaf provessing
RCAGaky RCA mxf Pardue Mhicroprocessor chip st ED-MESFET GaAs M‘ conpaters for
l University

¥y




V"I Fo
CONCLUSIONS

RiSC vs. CISC CONTROVERCY

4. what o(:'{ferenhbtes a RIJ¢ from o CISC ?

« Many e’{ the f&dure; now Seen w RISC; have feen
exlenijvely wreel vy ClScy,

« Some o/ the fealures, such ag p:'peefde dat‘b/ﬁaM,
Cucgfﬂ’? aucl ff’;rkh:r w"ndow:‘n;’ are offen viewed ap e C ls Cs are Ge,d@(‘ Sws be o fd‘f
alirdutey of a RISc de.r/j)z . 3%&@! 'qq_,rrd')e q_rr{"m b’ows

« RISC han a coRerent design phibossphy

» RiSC were on;."ua{? fnyel‘ed for a speteifee appbication,

ClSc are de.l?npd for & frvad range of applialions.
Mow RISC —sppliabiv, 46~
o Instruclon set 3 apd Cowpdleyily 4 the

o VYLST technole v G”'dﬁfb Hee 9ap
between CI1SC — RiSe

. for  unipwo cessov-based Cousputerns

e RISCs eare tha.ya B de wut fivak
umdy a 4y ews technnlogj

' o P/SC :{ 7 . |
™ v feature of A A ’ RISC‘S ave suitadle ay ﬁui(ab"ng
1 _f/iw does one wake reasonalle awd csefud. Mbks *m"
perforwance e Secrewoplc fo'r Rise vy. Cise M‘l;& . LI.JL perforwam e Wwo r&stnh’on_g
o foputar performance meawrements | such ay M/PS, ) . Para.l.ld ta’ak{(v Cou,r(ed Systemg

are of gueiltonalle value when cou.,orf'?
RISC pecformance with CISC performance

o« Typicatly, the effect; of Cperalrig tyilem ovcrheacd,
Compiber 9»&3"34/?'0& ang m«tb)o{f' r?w/er sels
are wuol properdy tonywlered.

- Bedvuard'cg redaled

mamber of applicalion Lransa clions ser reconed
are wosye meq'mha/u-l.
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FASTER CIRCUIT TECHNOGY
PARALLEL ALGORITHMS & PARALLEL (ANCUAGES

e THE LEAST RISKY APPROACH | PARAL-LEL PRoCENSHRS
RETAINS ©LD PROGRAMMING AND ARCHITECTURE | o PARALLELISM IS THE RIGHT APPROACH
HowWEVER, To SoLVE OUR PROBLEME IN-TIME
) TAKES ADVANTAGE ONLY OF THE SpPEED :
NoT OF THE DENSITY (VLST) e PROBLEMS PROVIDE SUFFICIENT PARALLELISM
] SPEED ALONE CANNCT SATISFY OUR | o VLSIT HAS REMOVED THE COST BARRIER

COMPUTATIONAL NEEDS

o  MULTIPROCESSOR SYSTEMS ALREADY VERY
SUCCESSFOL N SEVERAL CASEDS

)

VECTORIZ ING & OPTIMI2ING COMPILERS MIMD PEp CULTRA
» CcOSMIC CUBE,ncuse
o SOUND TECHNIQUE PROVEN IN THE FIELD
simp | S LLAC o o ARRAY PROCESIORS
o VECTOR mAcHnes (CYBER-205 CRAY-XMmP) v IcL DAP

(DATA) _ FUITSV VP-200 HOWEVER CONNECTION MACHINE

e PIPELINING : THE BASIC PRINCIPLE

e NO AGREEMENT ON A SINGLE GENERAL

HoweveR, | PURPOSE DESIEN
* SCALAR OPERATIONS DISTURB THE PIPFEUNE e OVER Q000 CONCEIVABLE DESIGNS.
o VECTORIZATION IS NOT SUCCESSFUL To ' MANY QUESTIONS To ANSWER.
EVERY PROBLEM o SERIOUS PROBiEmS To BE SOLYVED
s THE LEVEL OF PIPELINING HAS REACHED | g ;’: :7'7“’””“"
1TSS LIONT. (No MoRE SMGES). <

. SYNMCHRONIZATionS
o HNO LONGER A COST/EFFECTIVE APPROACH | . COMMUNICRTION




3 ' J¢
APPLICATIONS & ALGoRITHMS | PARALL
WHICH PROVIDE SUFFICIENT PARALLELISA ARALLEL PROCESSORS

® LARGE SCIENTIFIC & ENGINEERING CHLC.s

FLow DYNAMICS - CHARACTERISTICS - 0 8JECTIVES
PARTICLE BEHAVIOR

WEATHER. <ODES
PARTIAL DIFF. EQRNS
SEISMmIC PROCESSIN G

® A LARLE NVUMBER ©F FEw DIFFERENT

o VLSI DESIGN ALVToMATION TYPES OF COMPUT ING ELEMENTS

SIMULATIoN _ COMmMuNiLCATING OVER AN
PLOCEMENT , RouTiv e wWiRING INTE EC
LOGIE SYNTHESIS~ S1CiCom CoMPILATION TERCOMMECTION NETWoORK
TESTGEN, FAULT SIMUCATION _
TIin G ANALY §IS ® CONCEPTURLLY EXPANDABLE AT A CeST
NOT MUCH GREATER THAN LINEAR.
® DATA BASES

AVD ACHIEVING A SPEED-UP

e NEAR-TERM A.T. NoT moucy towerR THAN LINEAR.

EXPERT /PRODUCTION SYSTEMS

PARALEL PRow6/1o6tC PRoGR ® USED To SoLVvE A SiNGLE PRUGLEM AT A TNE
PARALLEC SEARCY OF S7TATE SPH CE

® [loNG~TERM A.T.

PERCEPTION /PLhNNING SYSTEMS
VISUAL PERCEPTION/RE CoGN) TLONM

YATURAL LANGUAGE PROCESSING
RoBorics

LEARNVIN G
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SOME FUNDAMENTAL QUESTIONS _

"COLLECTioN OF SERIAL PROCESSORS

How MANY T Go w00, 0, 10°)
How BIG T (1ot - ~aiy frame)

WHAT Kind 2 (INSTRUCTION SET ?)

How muck memMoRry ¥
How MucHd T/o ?

WHICH CAN. CommunNIcATE ...

INTERCONNECTION ~ETWORK T
MEANS oF ommonich Tronw !
MEANS oFf SywcuRowtzA Trow |

AND COOPERATE ...

Sump/mimd ?
GRAIn SIE 7
OPERATING SYSTEMY ?

To SocveE BiIG PROBLEMS FAST

WHICH PROBLEMS ¥ ~APPLICATIONG
COMPUTATIONAL MODEL ?
PROGRAMMERS vIEW ?
s How (S PROBMLEM DEEOMPOSED ?
« Hou’ TO SPECIFY CONCUARENT exCovTrom ?
s wygo does 11!
LANGUNGES T

« FEATURES ?
. CompueRS
WHAT ABosT RAS [Rém) Brary
RAvAtLABIuTY
SEAVICENSICITY)
M g e o

¢
THE PARTITIOMING PROBLEM

“PARTITION A PROGRAM iuTo TASKS  EACH
TASKk REPRESENYED BY A Mope 1N A GRAPH "

» 0BJECTIVES : MAXIMIZE PARALLELISAY) &
MintMILE OVERNHEAR D
SCNEDOLIN G

SYNCHRoM 2N TioN
Commumt CATioN

®» FACT .

THE FINER THE GRAIN OF PARTITIONIN G
THE GREATER THE PARARALLELIEM EXPLotTED
BuT
THE HIGHER TRE OVERHEARD or SYNC. £ Comy.

» PARTITIONING RESOLVES TNTO

PARALLELISM DETECTION

&
CLUSTERING. 1476 NeDES
BY USERS (viH LANSUAGES) - occam
BY CoMPILERS - PARAFRASE

A SINGLE JNSTRUCTAN
A VECTR IastAgetia!
A SuBReUTINE [ PROCEBVRE

e A NopE MAY BE




T
THE ScHEDULIN 6 PROBLE M

“ASSIGN EAcy MODE To one oR _Moge Procestiv 6
YUMTS FoR ExeEcuTion ¥

® SCHEDuLING MAY BE

® STAT!LC

* BY THE user Vi LANSVAGE on
* 3 TAE ComPitER

lower OVERHEAD
LowWER UTiLIz2A tion oF MACHINE

e DYNAMIC B8y yuc MACHINE AT RuN TIME
—_*—"_-———‘

HICHER overHEAD
YIGHER YTILIZATION oF MACHINE

s« CENTRALIZED SCHEDU LU 6
TS OVERHEAD M4y Become Tie BoTTLENEC A

. DISTRIBUTED  Sewedvein g
(SE¢r-Scyepo LINE)

BETTER Loapp - BﬂgﬂNClQ G-

IF1
THE SYNCHROMNIZATION PROBLEM

TASSURE AN ORDER oF EXECUTION
THAT LEADS TO CORRECT RESVLTS ¥

@ THE PROBLEM ARISES wyeN ACCESYinvG RED DAHTA .
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CONVENTIONAL PARALLEL PROCESSOR
ARCHITECTURES
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SIMD OVERVIE. z

L

A set O)f PEs that operate (i lock-step
mode execufmg the same cnstruclion
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VECTOR PROCESSING & DATA RoOUTING
USING ARRAY PROLESSORS
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THE CONNECTION MACHINE
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. Des;‘gm of o thinking machine

o Make optimead use of current & future V181
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Aty pRocessRs. Fon MULTIPLE PROCESSORS /mimp |

LATTICE QCD CALCULATIWNG
® BUILDING BLOCKS : PROCESSORS (s today)

% PEs Peak rate MEMORIES
NETWORYK SWITCHES

. APE 16 PEs Wetek 1000 MELOPS
® APPLICABLE TO WIDER RANGE OF APPICATIONS

. COLUMRIA 2L56PEs %0216[2193 o000 MFLops ® AT THE EXPENCE OF INCREASED
UMIY » HARDWARE CCOMPLEXITY
e SOFTWARE SUPPORT
¢ PREGRAMMING EFFCRT

®* ALGORITHM ERFORT

. IBM GFi4 512 PEs Wetek 11520 MFLOPS

e SPEED-UP FACTOR = ,

n

PeH+S

P+S =umMmT oF woRM

@ FACToRS THAT PREVENT LINEAR SPEED-up |

¢ ALGORITHM

e SYNCHRONIZATION
e OVERWHEAD

o CONTENTION

e INPUT/OVTPUT
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WHY NOVEL ARCHITECTURES

¢« EXPLOIT PARALLELISM IN A BETTER wWAY

& UNVEIL ALL INHERENT PARALLELISAY
IN A MORE NATURAL wAY

o EPMPLOY NEW PROGRAMMING (ANGUAGES
THAT INCREASE PROGRAMMER’S PRODUCT VI TY
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o EXPAND THE AREAS OF APPLICATION
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| & SYSTOLIC ARCHITECTURE
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DATAFLOW SYSTOLIC sTrucTures
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BY KoNGJemu
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— CONCURRENCY ACHIEVED BY PIPELINING
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BALANCING. ComPuTATION wiTH T/o
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CONCLUSIONS

SYSTOLIC DATAFLoW STRUCTURES
ARE SUCCESSFULLY USED ipn
SEVERAL COMPUTE -BOUND
APPLICATIONS

JI6NAL

MAN-MACHINE
IMAGE

PRocESS NG
j’ INTERFACE

PRoCESS)N ¢
DATA BACCS MAcmue‘g

WoRK on

PYSTOLIC ALGoRiTHMS
LARGE SCALE DESIGNS

AUTOMATIC DESICA

WTEGRATION JNTO ComALETE SysvéEmy

"}

DATAFLOW COMPUTING

* STARTED BACK 1N 1963 (2€wmis )

e THEORY BY KARP-MILLER -1966€

FIRST PROTOTYPE WORKING 19#9
THE TouLOUSE LAU System 8 SYRE

DESIGN CENTERS

USA : MIT ,JRVINE, LLL ,UTAH
EUROPE : MANCHESTER, CERT-ONERA
JAPAN : NTT ETL

e BASED own THE DATA-DRIVEN
MODEL OF comeoTATION

o THE AVAILABILITY OF OPERANDS
TRIGGERS THE EXECULTION
OF THE OPERATION

s ANO PROGRAM COUNTER

o REPRESENTED BY DATAFLOW GRAPHS
NODES : OPERATORS
ARCS : PATHS OF TOKENS #fmf)%égs
TOKENS : CARRY DATA VALVES — ~
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FIRING RULE

STATIC DATA FLow

A NODE FIRES WHEN TOKENS
ARE PRESENT onN EACH
INPUT ARC AND
THERE IS NO TOKEN PRESENT
ON ANY OUTPUT ARcC

DYNAMIC DATA Frow

A NODE FIRES WHEN TOKENS
ARE PRESENT oN EACH
INPUT ARC

DYNAMIC CODE-CofYinG DYVNAMIC TAGGED (cotour)

~. .

HYBRID
dyYwAmMIC
SYSTEMS
¥ WHEN A MDE FIRES THE INPUT ToKENS ARE
REmMovgD & A RESOLT TOKEN 1S PLACED oN
THE ouTPUT ARC,

B
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DATA FLow GRAPH
NODES — OPERATIONS
ARCS - CARRY TOKENS

MACWNE INSTRUCTION
« OP CODE
»  RooM FoR OGPERAND VAWES
¢ DESTIVMATION ADDRELS(ES) OF RESULT
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FUNDAMENTAL AlSo To |
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DATA Flow LANGUAGES
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FEATURES
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REDUCTION compuTivg

® STHRTED 8Ack i 1971 (8ERKLNG, 6MD)

® THEORY BY ALONZO CHURCH -1951
LAMBDA cALCLLYS

¢ MANY DESIGN CENTERS
USH : MIT, N.hRoum, UTAH
EUROPE : KENT NEWASTLE, CHMBRIDGE G D
ImpERIAC Cottege
JAPAN : NEC

® BASED on THE DEMAND -DRIVEN
MODEL OF COMPUTATION

THE REQUIREMENT FoR AN OPERIND
TRIGGERS THE OPERNTION WiICH
WILL PRoDUCE 1T EVENTUALLY

® REPRESENTED BY NESTED EXPRESSIONS

Q@ FUNCTIONAL PROGRAMMIN G
KEY 1ssu€ : REFERENTIAL TRANVSPARENCY

THE VACVE oF AN EXPRESSION DEPENDS
ONLY oN TTS TEXTUAL CoNFEXT , .
NVOT On CoMPUTATIONAL HISTORY,
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© PROGRAM = SET oF FUNCTiong

® REDUCTION COMPUTATION =

APPLICATIoN oF FuneTions
UPON THEIR ARGUMENTS
AUED: BETA~CONYERSION

©® REDUCTION METHeDS
e STRING REDuCTION
v GRAPH REDUCTION

© REDUCTION ORDER oF ARGOMENTS
o NIRMAR ORDER  AFZER SUBSTITUTION

o APPLICATIVE ORDER BEFORE SUBSTITVTION

© REDUCTION ORDER : AN Y

o /MAKES No DIFFERENCE To THE VALUE

ALTHOUGY IT MAY AFFecT TERMINATION
(ChoReH-RosTeR THEOREM)

e IN PRACTICE :

INNERMOST oRDER
OUTERMOST ORDER -

DEMAND-DRIVEN
DEFINITION

(@ sTRING REDYCTION

b'}‘l) c:(2)

. , ~

U:(+60) {2:(~bc)
au(’t T (‘.2)

Cofy

dewsanel (...qo..) = - (...(gi‘l (2) o0 ) >

= (G @aCuD) ) (.

GCRAPH REDULCTIoN

DEFINITIIN

b:04) c:C)

a:(x 4 h.)

..(:(53_)...) => (...lo...)

b:Gy) ci(2)

\
x| L4 (464 ﬂ/Q 2:Fbe a/f2)

o[ u iz j/h)

J

f
J t (. . q’.ja) dem“‘

P [« :()

b:C4) c:(2) b:(4) Cc:()

d:(+44 a/c) i2:C-4 1“/2.) =2 4,';.-(5) €2:(2)

ok Uia I a:(eSs zJ'l/d
- -
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REDUICTIoN ORDER. SPECTRUM OF REDUCTION MACHINES
- REDYUCTION
o INVER MOST ORDER / \
RIN GRAPH
((Axc)-(B+D),(A*D)+(8*c) P N
f t , t oML PROCESIR | one
D
AN TNNERMOST ComPUTATION IS NEVER - TURNER s/
moLy)
SELECTED UNTIL ITS ARGUMENTS . o 2m PROCESSOR
ARE AVAILABLE = TDATA DRIVEN BERKL!NGIGMP | sEep I
‘.l CELLULAR use ' -ALICE
| oﬂ’ﬂ Go‘s MAC\"”&I \\ . AMPS P
e OUTERMOST ORDER N G- maciwe ‘\ RED!IFlow
> KWGEfemp che -ZAPP
A
((ﬂ xc)~-(B «D), (AxD)-(B "C)) MEWATTLE FRIEDMA W fwise
f t : RED. M - CONCURRENT Lisp
asrr/im.rcenf
AN OUTERMOST CompUTATION TS SELECTED whHew MY R IAPRCESSOR.
ITS OUTPUT IS NEEDED 8Y ANOTHER ALREApYy | FUNCTIONAL LANGUAGES
SELECTED CompuTATION = DEMAND DRIVEWV ! LiISP /INTCRIJJ'P/('OMMOJU LIS'P/...
Mmeu
THE ARGumENTy ARE COERCED (wTe THE HoPE

REQUIRED FoRMm BY SPAWNING ,IF NECESSARY SASL / KRc ] miRANDA

NEW Rebvc'rraw_f AND WAITING FOR

THER) To RETURN WITH A vALUE FFPpP

D
?T"Ff““’ (vm.’ >, S1SAL - ;)



MAGO s REDUCTION MACHINE v2

- TREE mAacwmnE

L NURALER
RA RA RA RA
o
’ P CONCORRENTLY
INNER MOST REDuciIBLE

AfPuicgmong ) RAS

¢ LARGE NUMBER of ceLts (VLST chips) T 4
STRING REDUCTION wiW coNcvAR ent RAs
? RACKYS’FFP ULanguAce » ALSO MACKHING LAN GUABE

* THRUGHPUT : O(N/logN) Nk of L chellg

T & L ceus ARe smaw FES. machinee

< EACH L CEuy HoLoS oWe SympoL

l

OVERALL CRGAMIZATION & OPERATION OF MAGG MACHINE

Il

FFP EXPRESSION 15 INITIALLY LOADED ivTo L ARRAY
(LeFT To RIGHT , ov€ Symsos PER ceee)

FFP EXPRESSION 18 REDUCED IN INNERMOST ORDER
IN A SERIES oF DowNSWEEP AND uPSWEEP CYCLES

FEP EXPRESSION AND THe MACHINE TREE ARE
AvTomaTicaty Awd PYwvAmiIcALey D E€Conposed
INTO RA’s AND SuB-TREE AREAS Respeeriveey

THE wHoLE ePERAMION 1o CONTROLLED VIA MILROPRUCRAM ¢
DISTRIBUTED To THE TREE noDES BY THE RooT.

Downsweep & upsweer CYLLES mAY OVERIAL IN TIME
AND INVOLVE MOVEMENT OF DATA Alos & AN
ACROSS  SuB-TREE AREAG

THREEC MoDES oF OPERATION
MODE T : TE8L COMPUTE , L commumcqre
Mooe I : L commore , T umunicATE

MODE TIL i L CoMMUNICATE " DIRECTLY
- (sToRAGEe MANAGEmenry)
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Tve REDIFLOW wmachwe - vran
| Jp J_ JF lbwchﬂ
? o {~
| >PuTer
oy —p— ‘
VNIFORM
plloyie (L]
SP&CE o~ Pt D
) p > )
) F >

CoMBINES REDVCTION wiTH DATAFLOW

CRANUCARITY oF PARALLELISM AT THE FoNCTION LEVEL

THIS ERPLOITS LOCHLITY OF WED & Reovesf ComMtuaircs Tton/

» DATAFtow If EMPLOYED AT WIGHER LEVEL

PACKET S TWING  Commor cATIeon/

@ LoAD BALANCING MECHANI SN

' BASED oN THe woTiow o PRESSURE
¢ SIMoTIoN BEncHMARK(

I

14L.
PACKET Fcow wiTHIN A REDIFcow X-PUTER.
S THROVG K FETCH/FORWARD P,
I\ s o Fe [FORWARD PACKETS
—] —
FROM AEIGHGoR PRESSURE To MEiH
A\ & ApPLY S
X~poréns PACKETS x-purens
’ FeTes
LoAD maNsen. ,,,,c{:::.“"“
AprLy
‘ PACKETS
gueves|z| |&] 17 9
N & [ o
ANE T

PROCESSoR

:

ME MORYy

FETCH ADDPRESI /DESTInATIoN ADDACSS
VAWE FETTHED /) DESTINA TN ADORESS

<

PRo PAGATED PRESSURE , PP

FETCH PACKET
FORWARD PACKET
APPLY PACKET

PRESSORE PACKET

PP = zﬁ IP < threshotol +fen ©
eloe mr‘n[-l-a,-EP, cen'l:'n;]

/

INTERNAL
f-/md,'o. o/meumy woeol

PRESSURE

EXTERNAL EP=min PP's of neighbors
PRESSMME [ | ’( “? ] -
c.e:’b'rg = 1 + welwork’s olamelen
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® PROGRAMMING BY “peScRIPTION”
You CONSTRYCT A PROGRAM
BY DESCRIBING ITS APPLICATION AREA
¥y SAYING WHAT IS TRUE
u PUYT INTO
®

KNOWLEDGE BASE

h
CoNCLYS

u FACTS / RULES

APPLICATION
INDE pENDENT
INFEERENCE
I3

EXPLANATIONS

IMCREMENTAL
DEVELOPMENT

QUERIES ANSWERS

UsER

® ORIGING TRACED BAck To LEIBNIZ ﬁmcemm)
® PRACTICALLY STARTED MuCH LATER

1965 RoB/NSoN + COLMERAVER #9F¥o
RESOLUTCOV PRoLOG
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PROLO G

® .SoBSé"r OF 197 CRDER PREDICA)TE CALcuLyf

Tl/e‘ HORN cmuse‘g
® THREE BA3I/IC FORMS oF CcLAUSES

1. A . FACTs/AsseTrons
?. B <« A, &A & .-RA, Rues

3 <-‘G'£GQ&--&G-,"

QuESTong,

® TWo INTERPRETATION of B A, &--€4,
feap Boby

1. DECCARATIVE
B 1S TRUE IF ﬁ, AND .-

2. PRoceDURAL
To PROVE B FIAST PROVE A Awp-.-on> A, .

Y 4844

P(e,

r2° )4":
- ,tn)- CALED PREDICATE oF n ARIT)

conslant (a, 5, Tue)
t, Tery E combant Lenclion f(‘t,, R
varmM (X, )

THE PREDICATE €XPAESSEY A R;c_.awmlv,
AMONG ITS ARGUMENTS T, ... Ey.

} AXlemg

AND Ay ARE TRYE|

3G ATOMS oF me Fom#

GoALS.} THEoREM ¢

J
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PRo Lo & PROGRAM

e IT IS A SEQUENCE of CLUSES whore
VARIABLES ARE CONSIDERED To BE
UMIVERSALLY QUANTIFIED

e ITS EXECvTION IS A

GoAL ~DRIVEN

TOP~DownN JNTERPRETATION

BACK WARD REASomnin G
PRoOCESS

AXIOMS @ TREOREMS

® AND IT CAn~ BE REPRESENTED BY AN

AND —-O0R  RESoLuTioN TREE

PRooF ~ SEMRCH

* TRAVERSED v A

DEPTH - FIRST LEFT-TO-RIGHT
ORDER

o VIA
RESOLUGTION ~ UNIFI CATI 0N

BACKTRACKING-

/e
AND -OR RESOLUTION TREE

éto 30@2.
t &b C. RULES & FAcTs
all¢~ dée.
ala).
Ia’«- £
()¢ qxe.
,,(,’J. ¥ -3?
C.
d(1). t
d(a). Ao
d(3).
d(y). |
e. a,, b c
£6). /‘\
£r2.
J /g{ ag) afa) by bty <
d




RESO LUTION

IN GENVERAL

Givev: A<« BRcap

F <A &G

Resorve mmo: F <« B&ca&peg

“NON ~DETERMINIS TICY
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q'\»im',w AN ATdM oM Tye LEFT HAvD IDE _UNIFICE witw

ANV ATom) om tTye RIGHT MAnD $1D€ A

Néw Cenuse
CAn Be DEDUCED Y

LUSY ~ RESoLv TIoN IN PROLOG
GIVEN GeoAL <~-A&Bg&c

& ctause A“¢-DARE

ReSotve wro

< DREA&&B %

CWHEY THE FIRIT SUBGOAL oF T#€ Gam

OMICIES wnTH THE HERD ox 4 CLyusE
A NEw GoAe 'S DEIUCED

Y DeEPTH-FIRST SEARCY STRATEGY ?

— OR AwNoTHE

UNIF!ChTion It

IN GeEnerAe

) I7 IS TUE PROCESS oF Findinvg A SeT °oF Bivdineg
FoR TNE VvARIABLES oF reo EXPRESSIONS THAT
MAKES THEN took AHLIKE

b ExAmPLES
. C(J!g'tgv 5 >
P(X, o) [ X/s, Y/a] PCs )
Ao no &
P(X, x) 4“;:,7),_7" P(a, 8)

X xlT

Xr (7) T) ‘_uﬂ:_[f_? f(f(“; 5),}@(«,:))2))
(%ot (75 X/ fca )
[ Y/ 3 ()

T/2

oo pot
(X307, 7) &L; (L6, 300732
X/ {(3,8)
Y/ 9(%e) |+ occor cHece
| | T /z
® BACKTRACKING OCCURS wyen/

UNIEICATONV FAL .
4 Socorron :sS»veebEb -
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EXAmerLes

cht‘on'al (01).
fazfom'a-( [Aﬁ X) <~ H[,\Jlo}&

w'te (W i negalroe) .
fac/bnh-([”, X) <~ M:=N-4" &

factorial m y)e
X.‘ = A’x YQ
jreck (socrates),
yreelc (dras).
iuma'n [Socra-té&‘).

mortal(X) < human(x).

<moprladt(x ).
Yes, X = socrates

<-0'9reeé/)c) & < mortat/k).
yes, X=drag

{= marta-f(o{rb;).
yes

<~ “Morta-{’/)() .
fa—l‘l’v ” °
CLOSED woRL) ASSOMPTIOM

i5¥
QUICKSORT([1,02).
QUICK 3oRT ([ x1!X],¥)<-
PARTITION(X ,X{,U,V) &
QULCKSORT (U, 1) &
QUICKSORT (Y, V1)&
APPEND (U1, [x1:v11,Y).

PARTITioN ([t} Rest], X, [x1! Let], Right ) <
LECXI,X)& /&
PARTITION (Rent, X, Left, Right).,

PARTITION ([x4! Rayt], X, Le{(‘, (xe! Rs‘,kt‘]) <~
PARTITION(Reat, X, Left, R:‘aﬁé).

PARTITION ([ 1,%,01,03).

APPEND (1, List, Ligt).

APPEND ([Head ! Taill, List, [Head ! NewTai 1) <~
APPEND ([Taid, Lk, NewTaié ) .




INFERENCE

"y 6
PARALLELISM IN Lo6Ic PRoGRAMMING PROLOG MACHINES "
U/WF/CA"TMA/ PARALLELI S | / \
A(X,Y, e, fcz)
MATCH Pl ,’{ _J‘Eouenrr,m_ PARALLEL
ACS, b, T ,8(1) ) ' .
—— ICOTs PSI 30kupg IcoTs pPim-R
” ' Fru-o
UmFy AL TéERmg CONCURRENTLY” kobe Uy. PEK 4o kueg '
, . vEC HPA) 2o kuips eV me
AND  PARALLELISm ‘wikken  APM 450 kupg

Be:-k(fy PLM 425 ikups DADO <cowmeig v

cx(X, Y, U) < 6("92) & c (X,V)f-d(‘r) ' UTHL lRPM‘ 555 kLIPS

" PROvE ALL SuBcones comcurRenvey” HOSTED sYsTEme
NCR/32-00 53 ktips
OR __PARRLLELISM SYMBotics 3o 110 kisps
<902
. unNi Eggdngg
;(X) < 'm(X) & ‘n(X) co(ﬂocé‘ss‘ong COMPARE TD
3
J (x) < n(X) & p(x) SyRacwe  Soum Tt [2030 N s e
' - 787 HUU 1.
YArrey ace RULES CovcoRRENTCY * A == 020 pusec VAX 780 C-PRotoG 15K

No BACKTRACking I7 MG orAte v : | ArrLe T Lt 8 Lirs

® THE ABoye PARALLELIST 15 1mPUICIT 1N
LoGgile PRoGRAMMIING RBoT NOT IN PRoLOG




Pfﬂ -R REDUCTION BASED PIm

HiTAacyl

L INTER-INFERENCE-MODULE WETWORK —l
4 - -
" INFERENCE MODUAL g1 . . e
FROCESS P04 ymIT
r
‘ :
r .
l_ P EONTAOLLER PROCESS POOL
UNIFICATION URIT
URIFICATION Uai]
y
MAICHER
CLAUSE FOOL
—i UNIFIER
L .
L IM-5M NETWORK . l .

) R -
STRUCFURE MEMDRY MOJULE #1 -

SKM M o

70 BUFFER t1 ]

PACKET communicATion REDUCTION MACHINE
ConsIsTs o F PPUY |, Vop , SMoy
EXECUTES LOGIC PROGRAMS wiTH

OR CLAUSES 1w PARALLEL
AND cequses 1N BER1a e

Igp‘r ¥3

| or-porALLELSH

AND PARALLEL Ex€cuTtons of CONCURRENT PRoLoG
EACH clLadse ﬁooc. s’roa’.e.c AL; LLAUSES

TokYo vmvw.

DEFINITION MEMCRY

UNIEICATION PReCESIOR

DISTRIBUTION
N ETWOAK
MEMORY MODILE m
TRouseAS -

ACTIvt 7y

oMmaANVD

TESTYS :

15%

PArawee Incepence Encue 933

PIE

1,0, Database Machine

M 6Tooe

System
Manager

. etg
] -
see up

j_’

NETwORK I

STATUS : SIMUKATION
UP HAS 8EeN DESICNES

fFroprarmed 200 us tycle fime

OR -PARALLELISMm
SEVERALC UmIFreATIon PROCESSoRS = 1000

ACTIVITY ConTROLLERS HOCD CURRENY
PROOF TREE =~ MAKE l0AD BRLANCING
DEFINITION MEMORIES HOLD CLAVSES( COPIES)

MEMIRY mapuecs HOLD 60AL CcAUSES

DN . DISTRIBUTES. ..GOALS. .. -, b et

100 MmLIPS ~ 14 G-Uﬁg ‘TMG&T PERFOWJ [
l?o SPEED-UP UNING 256 . UPS‘
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THE EVOLUTION oF COmMPUTERS

léﬂ |
OPFfoSING CHARACTER: STICS OF CORESIDENT BRAIMW anrmoﬂ‘
<

V. RAUR 1Wg TAT 8

?RESMI
PRE-HISTORY ' HISTORY f FUTURE
i t
] t ]
MECHANICAL | ELECTRONIC ' JNTELLIGENT
!
PERIOD PERIOD ' CHAOS
. YON NEUMANN' AT maAcHives
- MACHINES
[}
Bc. ° / /
1943 (9% 197/ 199x
EwiAC  UMVACLT  uP  FGCS
VLST

MEMORY
PROGRA M

FY
PATAH

PATA

N PATA

ouT

VOV NEUMANN
BOTTLENECK

PHYSICAL
x LOGICAL

PROCESSOR

LEFT HEMISPRERE

COMPUTATreN
COARRE LA TION

AkC.
)8
Yersar prosver,

VoN NEUMANN
SERIAL PRocESSOR

LINEAR o & NON LINEAR
TIME SEQUENTIAL o & TIME INDEPENDENT
BATCH ORIENTED o & MULT! PROCESS/NG
STACKED INTERRUPTS o ¢ RANDOM Execurion
® WORD/SYMBOL ORIENTED o P o PoTYERN ORIENTED
MON- INTUITIVE o € O HIGNLY iNnTurTIVE
LITERD L ® YT o NOW LITERADL
STRucTvRED MENORY o R o ASSo CYTIVE mEMOR Y
CoMmuepTIive Y a7 Eov
CORRELATIONS o o Co Z’z :‘!’_“”oﬂsf MOLTIPLE
INCREMENIAL LEARNING o @ MNON-SEQUVENTIAHL LEARWIN G
SENSORY DEPENDENT o[\ o scnsony WDEPENDENT

PARALLEL PRCcE.

RIGHT HEMISPHERE

ASSoaATive

ASsoCrATION
INFERENCE

PROJECTED Tecumorosrcar EYOLUTION TowARS RiGHT BRAW €RA

BOOTSTRAP PRASE %_,'_,

UNIVERSAL !
INEXPENSIVE N i
WIDE BAND VONE TEACHASLE |
CommumicATion; OMPIER o st TIoN COMPVTERS | mECHANIZED
l ' ,_ INTUITION .
-—— l l 2000
mo | ] I
Ie | MULTITIERED  APAPTIVE RIGHT BRAIV
sr < m SETINGORENIL  WARDWARE/  meTa_(anGunce
AT AsSociqTive  SoFtwagke
BlowgicAL  sarAgases
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