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~P.... AlgebraIC Vl8I OaIgn ......... 

W.ry 8h••rlln. 8•. Cross Colleo•. 

A .....1••ubmltt.d 'or lhe d.gr•• of Doctor of Philosophy In lhe Unl....nlty 

of ()dord. Mlch••lma. T.nn. 1• .,. 

AbetrKt 

VlSI tv.ry l.rg. Sc.'. Inl89'lIl1on) allow. u. 10 III clrculls of .norm~us 

compl.:rlty onlo on. Chip. If •• ar. 10 d•• lgn .uccessful circuli•. W. ITUst 

lind d.slgn m.'hOds which .lIow us 10 contaIn Ihls compl.Jllly. On. of lh. 

mOl' ...Ilal compon.nts of luch a d••lon m.lhOC! I•• 'angu.o. In wtllch 

w. c.n "pr.ss our Id••••nd Our l1eslgn d.Clllons. 

In Ihl. Ih•• ls. WI! propoa. an IC d.algn I.ngueg•• .-FP. whICh c.n d.scrib. 

bOlh Ih. s.mlnUes (or b.h8¥lour) Of II circuli and Ita I.you•. ~FP Is .....rlln. 

of .h. Functlon.1 Programming langu.oe. FP. II II d.slgn.d to .IIow Ih. 

d.,lgn.r to r••son .bout his circuli d.scrlptlons. by m.nlpul.llnO Ih. 

~.acrlP~!ons th.ms.I....s. 1". d.scrIDU9n .r._1ust "pr.sslon•• m.d._ fIQI!L__ 

• sm.n numb.r Of prlmltl.... functlonl .nd combining form' (funcllon.ls 1rl.t 

m.p function, InlO tunctlons), Th.,. tunCllons ,nd combining 'orma .r. 

cho$.n bec.us. they h..... nlc••Ig.br.lc prop.rtl.s. Also.••ch comblnlno 

---.Jorm hll~ slmpl. _.pom.lrIC ln18,pr•••Iio1l--. SO IhaLAY.ry _F~-----'b.pr••tIO~
 

has .n assocllll.d floor-pl.n.
 

w. 'II.... a lOrm'1 ••mlntlcs of ~FP and w. show how alO.bralc Id.ntlll.s 

may b. prov.d In Ih. languao•. W. lIIullral. th. u•• or .-FP In ......,.1 

•••mp'.s. r.nglng tram a comblnlltorl.1 .alty Clrcul1 10 • lySIOI!C corr.I"or. 
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Chapler 1: IntroducUoft 

VLSI every lArge Scale Inlegr.llon) allows us 10 fll Circuits of enormous 

compla.lry onto one Ctlip. In order 10 design IllCcesslul circuits. we musl 

lind design meltlods wtlletl allow us 10 coniain Itlls comp/e.lry. One or the 

mosl wltal components 01 any r.uctl "eslgn meltlod Cwtleltler or nOI It Is 

lormal. I~ a langu8ge In whletl we ean e.prell Our Ide•• and our d••lgn 

deCI!lllonll. Wlttloul an adequale aeslgn language. II Is dlfliCult lOr ltle desIgner 

10 communleale tllS Ideas 10 ottlers. end especlalty to people wtlo are not 

experl In digital design. II Is also dl"'cult lor ttle "cuslomer" to specify w'1III 

he wanlS 'he ctllp 10 do ana ror Itle aeslgner to check ttlat his design 

.ctuelty does what he Ihlnks It does. The analogy wUh ttle problems of 

designing compuier programs Is clear. Formal melhods are now beginning 

to como 10 Ihe rescue In ttle ",ollwa,e crlsl,·. II we ara 10 a~old Ihe ·VLSI 

crisis". we must .Iso be willing 10 use lormar. or a, 'eUI seml-iormai 

me'hoos. 

In software. Ihe usefulness of tllgl'I /e~el languages tlas long been 

appreciate.,. In VlSI design. however. mosl 0' Itle a~allable tOOls tackle the 

prPble... PRlr at UUI lownl 1....1 O'--If:l.e._CS8'lgn hl.,,'chyJ&youJ.. This IS (n 

splle 01 the lact thai Itle nee., lor hierarchical design mlrrtlods Is. In gener~1. 

accepted. M3ny 01 Ihe !:>enelils 01 such design methoc1s are 10sl by the use 

01 low le~el 100150. We ad~ocale the use 01 high le~el descrlpllon langullgts. 

- ----=--- wt»ch .lIow t~ r-~- beha.... lour of .. ~to be precisely s.pecllied. 

Designs can Ihen be reasoned about .nd any proposed Implementation can 

bo provtld coneCI. Simulation ••• means 01 '~erlficallon' will become less 

leaslble .50 elrcults Increase In comple.lly. We *111 ha....e 10 use mathemallcal 

methOds. Once we h .....e a lormal design language. we can begin 10 think 

01 'complllng' circuli descrlpUonl dlreclly onio ,lIIcon. "Silicon compllaticn' 

promise, to 'e"uce design lime and cosl tty relieving Ihe designer of Ihe 

noed 10 cOtlslder 'nelevan! delells. leaving him Iree 10 make Ihe Imp0r1anl 

decl~lons. 
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In this thesIs. we propose an Ie desion "nguage. ~FP. which can describe 

the ••manUes (or beha..,lour) of • circuli and which can also capture delalls 

Of Its rloor-plan (or 'ayouo. This dual power makes 1M lenguage l!l gOOd 

candidate lor use In a silicon complier. Mosl Ie dulgn lenguages describe 

ellner the semanUes or the layout. but not boltl. This means that designers 

haYe 10 make • large tand lulI'tel.1I Jump trom dotng ·semlnllc design" 

kJ d<Hng ·"YOUI-. Howo.... r. lha two .r. clo.ely Inlenwlned. II Is Impar.anl 

for the designer 10 be able to consider the eUect on the final layout 01 

• particular d.~lgn decision. He must elsa be able to manipulate the layou!. 

while keeping the !I.manUel con slant. ",FP Is designed to allow him 10 dO 

....,.. •__• Ihlou... 
~.. 

.u.FP I, I .... rl.nl 01 FP. the Funcllonai Programming language Intro~uce~ 

by Backu, In {Backus 78J. Thare Is • growing Inlerest In funcllonal 

progr.mmlng languages because Ihey allow us 10 wrlle programs easily and 

quickly. Tha programs are wrllten using ·malhemellcal" functions. and so 

.r. easier 10 raason about. We don', hawe 10 worry .bout Irrele....nt details 

,uch .s lhe order In which lhe per.meter, of a function .re evaluated. We 

h..... based IlFP on e functional langu.ge In the hope of brIngIng some 

01 lhesa benell" 10 IC design. Ob...lously. en IC ~e.lgn Ilngu.ge musl allow 

1h', daslgner to re.son ebOut hi' cIrculi,. IlFP .1I0ws Ihe programmer to 

reason aboul his programs by manlpulallng the programs themselves, The 

programs <or circuli ~escrlpllons' ere lust ellpress10ns "made" from a small 

number of prlmillve lunctlons an~ combining forms (functlonals that map 

functions ,nlo functions) These lunClions and combining lorms (CFs) were 

cMsen bec.use they have nice elgebralc properlies. Thus, clrcul! 

descrlpUons can be eeslly manipulated. viing the algebraic laws of Ihe 

'anovage. Also. e.ch CF has • simple geometric Inlerpre,allon. so Ihal every 

p.FP explesslon has an auoclated 'loor-p1an. 
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IlFP l~ desIgned 10 describe synchronous syslems. using • discrete lime 

model. 11 Is nol speclflc 10 a particular technology. Swllchlng between 

technologies Invc'ves changing 'he primitive tuncUons corresponding 10 

circuli elements. Our aim Is 10 support .. struclured hierarchical design 

method by allowing the .resIgner 10 determine (by reasonlngl whether .. gIven 

comblnellon 01 precisely specified componenls has lhe required behaviour. 

This Ihe~h includes .. IlFP mllnual. II also Includes 8 Siudy 01 the application 

of IlFP and a discussion 01 our requirements for a VLSI design language. 

Ch<1pler 2 Is an In1roducllon 10 11'18 basic lorm 01 IJ,FP. The illS! pari 01 

the chapler gives .. relalively Inlorma' description of the language. The 

second part gl .... es Ihe lormlll semenllcs. We show how algebraic Idenlilies 

In ItFP ere pro....ed and we demonslrete some trensformellon! 01 JiFP 

prognms. In chepler 3. we g,..... some erampte! of the use 01 IIFP. We 
p

mOtlvale lhe addition 01 some new combIning forms Which are apprczr1lte 

10 SySlOliC arrays. Chapler .. Conlalns further e.amples 01 the use al lhe 

language. one 0' "hlch Is SAOcell. Ihe ba!lc cell In a chip WhIch we ha....e 

designed. In chapler S. we present aur main e.ample. We gl....e a slep by 

step derl....atlon of a systolIc correlator cirCUit. We Introduce 1I0me lechnlques 

for the analysis of clrculls In "hleh SO.. af the processOrs are acllve al 

any time. Chaplet e describes hO" IlFP may be ",un" 10 gl ....e a slmuta\or. 

We also d~crlbe a program "hlch prOduces Ihe 1I00r-pfan 01 a gIven ~FP 

••presslon. The nrSl pari 01 chapler 7 Is • review 01 design lool~. ranging 

'(am "automated graph paper' systems 10 Silicon compilers. In the secDnd 

part of thl chapler. "e lurn our IUenllon to design language! We can~il!er 

the Important properties 01 a high ltNel VlSI design language and we 

comparl our apprOach 10 thai of olhers "ho have applied lormal tectmlques 

10 the problems 01 VLSI design. In chapter •. "e presenl our cancluslons 

and aur plans lor future work. 



-----

•
 

Chapter 2: Simple IIFP 

Intfoducllon 

.FP Is 8 ",arlant 01 FP. lhe Functional Progremmlng language Introduced 

In IBackus 16]. We ..... 111 nol give. dOlalled description 01 FP Qui will Include 

only SUCh dotalls 8!io lire nocesury 10 'he undorSlandlng of Jl,rp. In the IIrsl 

perl 01 this chapter ....8 will glvo a roUItI'f'Oly Informar descrlplion 01 ~FP. 

piecing the empha,,!o on the geomclr1c Interprotatlon In the ser.ond pari 

01 ,he chapler ...... e .....111 give the formal semanTIcs of J,lFP. We will provt! 

thai some FP aJlloms hold In pFP end .....e will demonstrate transformation, 

of IlFP programs 

A brief Inlroducllon 10 FP 

" program In r-p I, ,Imply an elfprtlss10n representing 8 luncUon thai maps 

ob/eCI, In'o ObJeCI' IBackus 78: Williams 61l. For 8ltamp1c.... I' en rf' 

program rapresenllng I luncllon .....hlch maps a pair of numbers onto their 

sum. The otljects on ..... hich our programs operate can tie undellned Ul. 

Iltoma or aoquonces of oDJects. Note Ihal Ihls Is e recursive defInition We 

shan lalte lhe &el of aloms 10 tie Ihe Inlegers ...... Ith e "don'l cere" valuo. 

'7' Some po,,!Dle obJecls ere 

.1.42 <) Uha empty sequence) q.o(l.t1.1~)). 

c. .' denolos a sequence. We will represenl 'don't caro· sequences by 

'7' also. although we ShOuld. strictly. heve a dllJerenl symbol lor every 

po"IDle shaDA 

Nc.-!. .....e need a SCI 01 primitIve functions 10 operate on our ObjeclS These 

divide Into lhree main calegoues {' denOles function aDplication) 

n Functions lor manipulallng sequences 

ego selecior funclions 1.2.., 1:<x1.11'2 ...xn) = 11'1 II n;'1. ~ other .....Jse. 

Ippend 10 lhe lell. apndl eg. epndl:<3.(4.5.6n = (3.4.5.6). 

append to tho right e g. apndr: t tl.2).3• .: <1.2.3~. 

matrix ,ransposillon. rip lip = la1. a2. an) where n Is Ihe 

length of oach of Ihe sUbs~uencos 01 Ihe matrix 10 be Irensposed 



2) ArllnmBllc funcllons 

e.g. -t. ":<1.2) .. 3 -t:<"'2> IE 1 "':<3.4.5' L 

3) Predicollies (we denole true by 1. 'oIIlse by 0) 

e.g. greeler than (.... 1> 1 (lrue) nOI o.0' IE 

Flne"y. we need e sel 01 combIning lorms CCFs> Ct·s map functions Inlo 

'uncllons and ao allow ua 10 build up Ihe lunCIJons (or progr.ms) Iholll we 

reqUire. Wo use Ihe lollowlng CFs 

Composllion : 10 .1 

ConSlfuCllon Ifl. 'nh .. tf I :_. 12:x. In:x. 
" .' .

Apply 10 01111 tlf:x • cf:Jll.l:x2... I:.n> If ..--=<.1.x2...•n>. 1 otherwise 

Condlllonel (p_f;g):11 1:11 If p:•• l. g:x II P;XII:O • .1 otherwise 

Const.nl .., : y IE r If y ~ 1. .1 olherwlse 

Insert lell C/l.n: t xl) xl (/,-D:<xl,. xn) I: ((/I 0: <x1 ...xn-1) .xnJ 

Insert rlghl (jAO:<.h .1. (fllO:<x1.. .•n. I: <.l.lfllO: <x2 ...lIn)) 

We can use lhe CFs and prlmillye lunctlons to write now lunctlons or 

programs. To edd 1 to each 01 the elemenls of a lequence. we lIll'lIply 

wrne--cra T. ----wnere----.r Is lfiT- aadOOno· runclfon~ oIIcra-a~1 t~e'emeiliS 

of 011 sequence. wo wrlle /1,. Cor /I"'. A typical FP program I' thai w~lch 

compules Ihe lenglh 01 a sequence 

lenglh 1IJ./'" 

ThiS remarkably ShOrt progrollm Ireat,. each elemenl or the sequence at a 

1 (at) oIInd Ihen ('OJ .dds Ihem up (fll-t>. II Is Imporlenl to nOle Ihal 

"does" Ihe lunClion on Ihe rlghl "IIrsl". 

The combining lorms 01 FP obey e series 01 81gebr.ic laws. lome of which 

.,e IIsled 1.Ier In this chollpler. These Identllles 'allow Irom the dollnUions.. 
01 Ihe' CFs and requlro no prool In 1he algebra. 
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TM boule building blocks 01 IlFP 

All FP functions leke one Input and prOduce one output In pF.... however, 

luncUons lake .. sequence 01 Inputs (over tlmel and produce. sequence 

Of outpulS. For e.ample. Ihe .. function In IlFP flrsl Uilkos a pair of numbers 

."If prOduces Ihelr sum. II Ihon lakes anOlher pair 01 numbers and prOduces 

tl'lelr sum. and so on. So. lor an Input IIream that looks like 

Hl.2'.c3..... <5.61.c7,8' ....'. Iho OlJlput slroam looks like 13.7.11.15....•. ThIs 

Is an Imporlani dUlerence belween pFP and FP. and II Is rcllcCled In lhe 

formal semantiCt olpFP. which ere olven lalcr In Ihls Chaplor. This Iranslt10n 

10 operations on Sireams 01 Inputs 10 produce t'reams 01 outputs Is 

n~ess\t.led by the fact Ina! we wOllltLIlk.e 'eypolually' .la- be Able_lO------.Ocal­

wllh Sllll~. We IIlrelldy hllve the rudiments 01 e Chip design l.nouage and 

we nel!!d e sel of combining forms. We will adopl the CFs 01 tho original 

FP anI! wo will formally dellne Ihelr new semanllcs In Ihe second pan ot 

lhls ehaptor. Here. we give their peomolrlc lnlerpretallons. This will show 

tne .Imple reiallon,hlp belw8en Ino lomenlles and 1he layout (or f100f-plan). 

-E:J= 

.--.[Q=-8=GJ= 
~ 

--8= 
FIG 2.1 (a) Composition (bl ConstrUCtion If.OJ Ie) Apply 10 all ah'.g 

FIG 2.1 shows the firs I Ihtee CFs 01 pFP. N010 thllt dala ·1I0ws· 'rom righl 

kl left bec.use 01 the definition 01 •. 

" we went a circuit (or prooramJ which ropee,edly takes a pair of numbers. 

8 ,nd b. end gl't'es us - (a" b), we would write - .... II w. ...nled both the 

lum and the product ot e8ch pair of numbers. we would wrlle 1+. -I. A 

elraull which. on each cycle. lekes a sequence of pairs ot numbers and 

produces the sequence of their sums Is owen by G+. 



Before considering tho olher CFs. lei us describe a half-adder. ha. whIch 

(repealedly) lakes two btls and produces a sum bit and a carry bll. The 

sum bll Is Iho exclusIve or bor) of Ihe two Input b/ls. while Ihe carry bl! 

Is the and of Ihe two blls. Thus. our halt-adder Is simply 

ha =- bcor. andl whore 

lfor '"' end • lor. not .. and!. 

This dellnlllon uses live 'oalcs' lind can be reprosenled as lollows 

.OK 

.... 

l~1tRY 

FlO 2.2 A half-adder wUh S ·oates" 

By applying Ihe aloebralc laws of ~FP In a vory simple way (as shown Iller 

In Ihlll chapler), we can Iransform our dellnlllon Inlo 

ha .. land· 11. nol • 21. 21 .. lor, andJ. 

which has only lour "gales', 

S'" A__I 
'-" '<:Nor 

CJ\klr 

011 I I( 1 

FlO 2.3 A halHllddcr with 4 ·oates·, 

NO.le Ihal 'I)Qlh definitions o' Ihe half-adder have the sarno semanlles, but 

dillarent layouts, 



We now Introduce lour more CFt., ,It .nd ,.,. can be used 10 'spre.d· InpUIS 

.Iong • row or Idenllc.1 cells. 8S shown In FlO 2.•. 

FIG 2.-4 1"": (11:1. 11:2_ x3. 1(-4. 11:5) ~I CII:l. .2. 11:3. 11:4. 11:5> 

This form Is commonly used In clrcullS Combined wUh lh~ concept at slale 

11 llI'tll .1I0w us to descrIbe the tlnear syslollc IIrrays which are allen used 

',n- a1on.l-processlng 

Th. Inlerprot.,lon of Ihe condition.' CF Is shown In nG 2 5, 

•w, 
T 
< 

" 

FIG 2,5 Conditional I - 0: h 

The swilCh chooses between Inpuls a 1Jnd c, .ccordlng 10 lhe .... lue 01 b. 

So.• lunCllon whIch (repealedly) selecls. Ihe I.rget 01 IwO nurnbers Is 

gt·...1:2. 

fln.lly. the const.nt luncllon. f. Is Jusl • source 01 rs. representod by 

+---ill. 

In ttl. 101l0winO secllon, we Inlrg~uce • ffew CF. -.. which mllows UI 10 deal 

_I.ttt Ihe concepl or s'.le. 



oeallng wtlh 5"1• 

..The basic 'unctions en., combining lorm, Introchlee" In the previOus sectlCln 

can onty be use" 10 repre,ent "comb'nelorlaI 4 Juncllon,. There I, no way 

Of represenllng the concepl 01 slate .....hlch I. central to .,lgUal .,eslgn. Since 

mOst "'glla' clrcu"s. 'rom shill reglslers to microprocessors, have some 

"memory·, ....0 aro 'arced to add another combining form. 1/.. I/. lakcs a 
r 

'unCllon and pro"uccs a ·lunctlon- ....hlch has Inl43.na, 5tale. FIG 26 sho..., 

the geometric tnierprelllllion of 1/.. 

=8 
FIG 2.6 .' 

We use a ·I.lch" 10 hoi., the slale. Thus, the current state Is supplied to 

the lunctlon as II' secon., Inpul and Ihe second outpui ----or theru,'-CiIon 

relre,hes the "ale. The Initial 'Ielue In the lelch Is e!Sumod 10 be '1', Ihe 

"don't care" SIale, So. If 

I: «J:1.1>. (J:2.sl>, (13,,2> . .~ .. «01.,1). co2.s2'. (03.s3), 

then ,/011 (J:1. J:2. J:3, .) = (1.)1.02. oT ----:->. 

A lormal dp.linillon 01 #. Is gIven In the .econd parI of Ihl, chapler, A simple 

eJ:ample 01 lis use shaul., make 1t5 opera lion more clear. We would like 

10 "escrlbo a shift-regIller cell, SR1. The output 0' an 5R1 I' 115 currsnt 

'lete. an., lis new state Is (he Input We write 

SRI ...12. I). 

The ourpur function Is 2, ....hich solecls Ihe ...te. The n••' stal. function 

Is 1.....hlch seleclS the Input. FlO 2.7 show, hOW wo ha'lo u,ad U'e Internal 

latch 10 gl'le uS • shill-regl,ter cell. 
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Wheneve' we ..rile Itl. the luncllon t should tie reducible to 11'10 lorm he,yl. 

where x Is the ou'put funcllon and y Is the nelf' st.r. 'uncI/on If wo wanled 

10 be strlclly lormal. we would have to subscript every It wilh the Shape 

of I1s Slale. There I~ aCfually a dHlerenl It CF for every possible slale sh~e. 

In the Interesls Of legIbility. we give ell theso combining torms Ihe ume 

name. p. 

Now thai we know how 10 reprosenl .. one bll shill reglslor cell. we elln. 

at course. make a 1'1'0'0 bll shllt register by composIng two one bll rhUt 

ragl~lers 

sn.2 - SAl· SAl 

.11 Is nice nol 10 have 10 name or renama channels. Tho 'Jolnlno· Is III~en 

care 01 by the deflnl!lon 01 compostllon. 

We can even represent .. shllt register 01 .rt!ilrary Icnglh by 

SA? • lill • 2. apndr • 111 • 2. lli. 

Thll captures Ihe essence 01 any shill register. liS slale Is lust a sequonce 

01 bUs. II, output Is al",ays Ihe Ilrsl elemenl 01 Ihat sequence (output luncrion 

I ·2). lis new stale Is calculaled by laklnO the lOS I 01 the sequenca and 

sliCking Ihe ne", Input bll on 11'10 end en.1ff sf.'. luncUon :: apndr·W·:1.1J). 

This Is an example of a circuli ",here the shapo 01 Ihe stllte Implicit In 

Ihe lAo CF ooverns Ihe behaviour:- In 1flTi- c.s". ihe Ii T'8'B'ttr n~---be­

subscrlpled wllh Ihe Shape 01 the stale. " SA? has a stale 01 length n bits. 

then II behave, .s an n bll shill 1801,ler. 

~ ~'~r..10(.1t 
Anolfter slmplo eyamp1e -fs lhe -e- fllp-flep. . LJ'2., datu 

o :: Jl12. 1 • 1 .... 2 • 1; 21 

This has tnpUI$ In the form 01 paIrs containIng Clock (1.1) lind daTa 12·n 

signal•. Our program represents 11'10 lact Ihat 

nc.l output current slale
 

next slate dala. II cloclt I, high
 

curren! stale 01herwlse.
 
Thus. 

o HO.O). <1.1), «1.0). «1.h, .) ... c1. 1. 1. O. 1. .>. 

Wo "avo represenled very concisely (he tact Ihal da'a Is Wmoved" InlO Ihe 

tllp-f1op only when Ihe e.pllcll cloclt Is high. (Note Ihal we are using Ihe 

usual com'enUon Ihal 1 on a dale tine Is equlvalenl 10 Irue. So. we abtuevl.le 

(eo· 11 • I. 11 -+ 2 • 1; 2) 10 (1· 1 .... 2 .. 1: 2.)1 
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AI1P10Ugh we can noYll' repressnl yarlous clrculls In our language. we cannel 

yet lind oul more aboul these Circuli' by manlputllllng Ihe'" represeniallons. 

We need 10 find (and prove. somo theorems Of algebraic IdonllUcs eboui 

Ihe 18ngu8ge. We can then use those la•• 10 t,ansfOrm circuit descrlpllons. 

10 O.lr8CI from them the Informallon that we roqulre. 

MOSI 01 the laws 01 FP srlll hold In J,lFP. They must. of course. be prOved. 

Some of Iha neeessa,y prools are glyen In Ihe ne~1 see lion We will. however, 

IIlUSlrale some 01 tho useful Identities. using the geOmll'lrlC Inlerprelsllon 

of 1tle CFs. 

a. 

C 

FIG ~.8 la, bJ • c 

•w 
; = ,
• 

I------l D I--I-l h "" 

a c 

c 

18 • c. b • cl 

•
w,,,
• 

FlO 2.9 (p _ I: (II • h p·h -. '-h, O-h 

f L I 9 

'" 

9 

FIG 2.10 Il' • 0 jl(f • 19 -1. 2)1 
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f 9 

h 

f 9 

h 

• 
FIG 2.11 I • pIg. "J ",11·0. hI 

One of Iho mOsl use luI laws 1$ C",. which Illows US '0 collapse the 

composition 01 two funCl10ns will'l ,11118 InlO one funcllon wilt'! (Ia'ger) slate. 

We comblnQ Ihe Iwo old slales into a pair. 

",1f.gJ-Il(tl.p • ,lIf-lh-Il.2 -2J. 1-21. 10·(1'1 -(1.2-21.1-21. '-O.2-2JJJ CJI 

Al1hougl'l c. looka quito compllc~"'.d. 11' d.rlvatlon II .Imple. It la shown 

In ltIe ft"""ii1,.cllon. ~ppllc.llon----oT C"jiilVifli" que. non Or m.~ 

lubstltu'lon. In Ihe n.,., ,ecUon, ""'e Il"Iow how C.... I, used 10 Ir.n,IOrl1\ 

.12. 11 • 'd2. 11 '" SAl • SAl InlO ",11 • 2. 12 • 2. 111 • SA2. 

" JftfOht 00 uscftJt- to co~-",. oeomemc tn'erprtttsmtns ot botft=-os~e, 

01 ,his Idenllty. 

FlO 2. 12 1112', 1) .....12. 11 _11 • 2. 12 • 2. HI 



---------

,.
 

By rOllowlng the arrows. we can see lhal both clrculls behave in exaclly 

ttle leme way. The circuli on the right Ihough II seems 10 have a more 

compllcalod diagram. has only one It and so It can oaslly be underslood 

In 181ms 01 lis neJlt output end n••' at.,. 'unctions. RememberIng thai. 

bee.use of Ihe deflnillon of composilion. dala "lIow," from right 10 lell. our 

,tal' Is 01 the lorm ('elt~'II'•. rI"ht~I'tr.). The output Is always the I"""rar" 

(1-2) and tho new slelo Is always vlghtiJlllrll, InpUI) ((2 -2.1 n. glvino us Ihe 

lI.pected bohavlour or II IwO bU shin register. 

Fo, most clrculls. the original high level specification will be In Ihe lorm 

_Iw,rl. • flnlle stllio machine type dascrlpllon. However. SUCh II descrIption 

Is not, In general. sululble lor Implementallon on slUcoll. beCBLJSe 01 the 

compl.llily 01 tho naJlr "ta'. funCTion. In order to make a reasonoablo layOLJI. 

we mual decompose the stale Inlo smatl easily Imp10mentable blocks. We 

know. lor ellllmple. how 10 hnplemanT 1&12. 11 as a shift register cell or latch 

on silicon, So. Ihe process of ,ransl.lIon Irom specHlcaUon 10 Implementation 

can bo viewed as one of pushing the ~s furTher and ILJrthor down "InlO' 

rhe ItFP ollpresslon. unlll they can go no further. 

Whether we are trying 10 push down lho ItS 10 give a gOOd layoul, or 10 

Chtck tha' two aubsecllons of ol.lr circuli behavo correctly when pul together. 

" I. vllal to havo at our dIsposal a wide array 01 LJselul algebraic laws 

In tho 101l0wlng secllon. we will give the formal aomanUca or p.FP. We wilt 

pro¥a somo algobraic Idcntilies and we will domonstrale some 

Iransformatlons oJ ~FP programs. 
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SemantiCs. prools and cranslorm.Uons 

We inlroduce a ·meanlng" lunellan. H. which gives the lemanllcs of /LFP 

In term~ of FP. 

eI8teI8~~ ~ MI') = Clf 

EqU4I1Ion I Is our base case. The meaning 01 a lunctlon which conlalns none 

01 the combining forms (besldu the conslanl lunellan) Is Just al (In FP). 

So. while the funcllon 2. In FP, lakes a sequence and prOduces lis secDnd' 

elp.mttnt. tha junction 2. in J,:FP. lakes a sequence of sequence:; and 

prOduces the t.equence 01 'heir second elements. This gives us luncllons 

which work In a tepelll;vB manner on .. sequence ot InpulS. giving ft 

t.E1quence of OUlputs. 

HII • g) • H(ll • M(g) " 
Equallon II UY6 'hat tha meAning of two composed funcllons Is lhs 

compOsition 01 Ihe meenlngs of the functions.•5 one might e.pecl. 

"Ilfl. I~. Inll '-= zip - Df(f1). H(I::'II. HIln)J III 

For the constrUCllon CF. we use zip. our mlllri. IrollnspOse function. to keep 

Ihe types right. tI the Zip W.II!n·l there. lhen lhe oUlpul 01 Ihe rlghl hand 

clde. for m 'npuls. would be n m-elemenl sequences, Inslead 01 m n-elemenl 
-------	 --.- ­

::.equenC8S. 

We r.ln no.... use equation III 10 derive "( al). 

III .. 11-1. '-::'. I-nl 

l1(all • HIWI. 1-2. I-nil 

zip· IH(IJ-121. HII)-cr2. Hlt)-anl 

.. zip - (M(II-IIL "'(1)-0'2. Hi'I-anI· Zip - Zip 

1"lnee zip - zip • Id. Ihe ldenllty function) 

.. zip· (MI'l-ill-zip. Mill-ern-zip) - zip 

I"':dom ~. FP) 

• zip' IMI')·I. Mlll·2... M(ll'nl • zip 

(III - z.lp .. I) 

.. zip • IIHIII • Zip 

MIIII)	 • Zip - atll'l - Zip IV 
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(NOle: Anything appearing In~ide !"!lI .. l Is I-IFP. The re~t l~ FPJ The equl!IIllon 

lor lne conditional Is quite straightforward. HI p -. g; h I must talo::e a 

sequence of fnpuiS and produce II sequence 01 booleens. which aedoe 

whether a Pl!HllCUlar outpUllS gIven by Mig) or Hfth). 

!"lIp -4 g: hI '" a(1-2:3l·zlp·[M(p). Mig]. H( h]1 V 

FOr ;\ end /'I. we egaln use lip to Il:eep Ihe types rlgllt. 

H[""I • ",""(I] • lip) • Zip VI 

• lip) • Zip VIIHft"l) • """ft'l 
The squallon for ~ muSl 1.11"8 account of the lact Ihal we are /1la1ng the 

t;tate 

!"! [;.;1 1 oul (H (Ill 

where OUI 9 i '" 0 

~ <C.t;) " zip • 9 • zip <I. 715> VIII 

0, s and I are t8Qu8nces IS Inllx -append 10 Ihe left", The meaning of 

ILl Is dellned In lerms 01 Ihe meantng 01 I. The Junellan al out can be 

considered 10 bll • new combining lOrm which we have adaed 10 FP It 

"hill.." the 1l1ale so lhal while Hit 'n maps a sequence 01 Input-Slate paIn; 

to I uquence 01 output-slale pairs. out Mil) just map~ 8 sequence 01 

Inpm!; to • &equence 01 outpul~ Ttle InItial slale Is assumed 10 tle '1', the 

"don'l eire" ~Iale. 

These aight ~em.nlic aquations dellne our aeslgn language, ~FP. The 

dellnlllons wl!!r8 cho~en so lhal lhe trutn 01 many 0' Ihe theorems 01 Fp 

I~ pro~ervea in ;lFP. 
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Some .'lIebfatc I~ 01 FP 

fA 1) " 
. lp ~ I; gl • P - h • f; 1'1 . g 

(A2) Ip - f' gl . " . p 0 

" -1 0 ,,; g 0 

" 
(A3) III . Ig1. 111'1+ 11 • , 0 IIlI • (II l­ gnl. gn+ 1) 

(A4J III 0 19l . g 

(AS) /a. bl 0 c • la 0 c. b 0 cl 

CA6) 1 . la. bl "' a. In the aomaln 01 aellnillon 01 , 
(All 2 0 la. bl 0 b. In Ihe domaIn 01 dellnlllon of a 

CA8) a - la ~ b: cl: d . a - b: a 

IA9) ., . .1pndl 0 ra. bl . apndl 0 

" 
0 a . a' 0 bJ 

(A1Ol 1"1 . apna l 0 la. bl '" , . la. ,.,.., 0 bl 

fA 111 7 0 b • -. In Ihe domain Of aellnl1l0n of b 

For Ins lance. we woula like 10 check ''''.1 
lp _ t: g) • 1'1 • (p • 1'1 _ f • 1'1: 0 • h) 

holas ,., ~FP. To dO this. we check thai lhe ·meanlnos· of both 

equal. as lalla....!:. 

We abbreviate H(hl 10 H. H(pl to P etc. 

Hllp - I; II) • I'll .. MICp - t: 0)) • H 

_'!~~ 2; :'u • zip IPFG'·H 

all 2: 3) %Ip IP • H. F • H. 0 • H) 

uoO - 2: 3) lip Mfp·")' M['·"D. M[g·"]10 

M[p • " • 1'1: g • I'll 

II i~ eve" ~Impler 10 ~hOW Ihat. In ~FP. 

lao bl 0 c =: (a • c. b 0 cJ 

Mila. bJ o cl ~ Zip . lAo Bt • C 

.. lip • IA • C. B • CI 

Mila . c.b·cl) 

sIdes life 

" 
___"­

AS 

" 
0_= D. 

11.111 

AS 

III 

QED. 
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To ,how. 

til .. .pnClI .. la, bl IIpndl .. " .. •. al .. bJ 

0 0 0 0 0(lemmal lip a.pnell lip IA. B! . .pndl fA. zip	 B! "" FPl 

0	 0 0 0prOOf: 1	 lHS • al a.pndl lip IA. BI 

al zip • IA. BI '" A . 1 . AHS· 0 

0	 0 0 0 011 lHS •	 11 zip (tapn(!! lip IA. BJ 

0 0 0lOp all	 Qllpn(H . lip IA. BI .0 0 0lip • (12 zip IA B! ': zIp 2 IA. B] 

lip · B • II . RHS 

AHS . lHS) 

Prool: zip" HI at .. IIpndl .. lB. t! 11 

· aF · lip 0 !:tapndr 0 lip 0 IA. B' 

· aF 0 .p",;" 0 IA. lip 0 BI lemmal 

• apncll 0 IF . A. aF 0 lip 0 BI A9 

· IIpn(U . IF 0 A. lip 0 lip 0 aF .. IIp .. BJ (ziP" zlp=ld) 

• zip 
0 a.pndl . lip 0 IF . A. zip 0 aF .. zip 0 8J lemmal 

• zip .. HI·pndl 0 

" 0'. at 0 011 UUlI.IV 

Q.E,O 

We can use Ihe .ame lemma 10 prOye lhal 

,~l ....pndl .. la. til , .. lao /AI .. bl. 

MI/'qI".pn(U"'a. bl) ;qIF" ZiP) ·zip·a.pnd/"zip -IA. BI 1.IUII.VI 

","IF .. lip) .. 3pndl .. IA. zip .. BI lemmal 

F .. zip .. IA. /ReF .. zip) .. zip BI Al0 

Mlf .. 'a. /1-1 .. btl QED 

To proye	 At .. Ig1. gn+1J,.. f .. lA' .. Ig1. gnl, gn''''' 
MI.AI .. Ig1. gn .. 1JJ 

• !\(F"zlp'''zlp·zlp''IOI.. On .. 11	 IUILVII 

• F .. lip" I/UF"zlp)"zlp"zlp"lG1. .0nI.On+1I	 A3 

•	 Mil' IN • Igl. . gnl. gn"111 1I.III.VII 

OE.D. 
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As .r1 e.ample O. 8 les$ lormai prOOI. lei us show Ihal 

a _ re -- b: cL d ~ e -- b: d 

Lemma:2 lI:(l_2:3J·zlp·IA.B.CI 

a(1-*- :2;31 erll • A. ,. B.l ·C1.l2 -A.2 -S,2-C.,. 

((1-A-l-B:l·C>.l2-A--2-B;2-CJ.... J 

Proof: Hla - (8 -- b; cL ctJ 

011-.2:31 .. zip .. lAo cdl-2;3) .. lip .. IA. B. Cl. OJ V 

'"' aCl-2;31 "'lip -lA.IO"A-l "'S.l·C) 12-A_2 e e.2·e>. ..1.01 lemm8:2 

10 ·A.-O·A-l·B:l·Cl;I·Ol. {2"'A-(2-A-2"'B;2·C);2"'OJ .. .1 lemma::? 

•	 Ill-A - 1·8; '·0'. (2 e A _ 2·8; 2 00 m.... J Ae 

•	 aO - 2; 3) .. lip .. IA. B. 01 lemma::? 

Mla-b:d) V 

Q.E.D. 

If	 we Iry 10 prove Ihal 

h .. Cp - I: 0) '" P - h .. f; h .. g. 

we Und Ihal we must have an addlllonel conslralnt - h must be !;leleles~. 

This 1& because the OUlput of a lunCllO" wllh atale depends nOI only on 

Its currenl Inpul. bul on all 01 Its previous Inputs. 

W" have derived !:oome useful Identllies concernIng p. 

~f • g '" J.!.{f - (g • 1. 2» 

RI ;.:Ig. hi '" .;..:[t • g. hI 

~ll.gl·~lt:Ul • .:.:.U·J!l-(1 2-21.1---':-21. 1~~lh·I.l.2-2~~·.2i._ J-(1.2·_~.!U ~-~ 

.u.~Ilr. gl. hi = .u.((f. Ig h)] • Ill, 1-21. 2-:W 

10 prove these. we use a slightly dlliereni melhod. 
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To prove J;l .. g ~ p.f1 19 -1. 2]l 

Mbf • gil oul F G • 0 

where <o.s> ... Zip .. F .. zip (G:I, 71!o) II.VIII 

H(JL(f . Ig . 1. 2)) B:I . ou' IF . "p . 10 . al. a2Jl:1 . 0 

where (o.s~ . "p . F . ,'p . 10 . al. a21 . "p <I. 715' 

__~_Zip· F O "p ° IG-al-llp. a2" zlpL <I. ?15~ 

"p . F ° zip . 10 . 1. 21 <I. 71s~ .Zip F ° ,tp (G-1. ?Is' 

HII'! .. lilJ·L_:,_.J'1l1..~· '0·) 2nD"l 

~I .. g = 1:11 .. 10·1. 21J o E.D -
To prove r .. ~(O. hi ~U .. g. ", 

H[f .. ~(g.hlll.1 II: F .. (out Zip" IG, HU'J I.11LVltt 

.. f:o where <O.S) E: zIp .. lip" IG. Hl .. lip: (I. 11s~ 

F:G:zlp'<L ?Is) where S .. H:Zlp'(1, 715> 

H[~(l .. g. hl]:1 ... (Oul zip (F G. HIJ:t II ,II I.VIII 

o where <O.S' '" lip "p IF G. HI .. zip:<1. ?Is' 

F:(; ZtP~" ?Is> where '" H:zlp <i. ?Is) 

I .. '::Ig. hI ;.:[1 .. g. h) D.E ['l 
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TO prove ~pllf, gl. hi z pllf. Ig. hll • Ill, ,-,n 2-2)) 

HIIIP-f1I. 01. 1'11):1 

• (oul lout IIp • Itlp • IF. ell. HI)):I
 

.. 0 where <O.S) ... zlp:(OUI lip· Izlp • IF. 01. H»:zlp:CI.?ls'
 

IIp:Ol where <01.,1> ., Illp • IF. 01. Hl:llp:(:r.IP:(1.7Is>.71'1~
 

IF. Gt:zip:<zip: <i. 71s>. ?Is' ....here s 1 H:zlp. (Zip: (I. 71,>.11'1>
 

..fl.r. 
::II
 

F:zlp:tIIP"CI. ?llloJ. 7IST> s '" Q:zlp:czlp:CL71,>.?lsh 

& .tler. 51 '" H ztp:(Zlp:CI.?I,>.?lsl, 

HfI':.:llf. fg. "JJ • 1/1. '-21. ~·2J)B:I 

Oul z'I'·lf. zip·CO. HII • zlp-lzlp·'!!l. all-2)). a(Z-2J):1 

o where (D.') • IF, "p·IG. HU·zlp·'zlp·'2).al)-2>J.aIZ-Z)1:zlp;cI.7Is' 

F:zlp:czlp:<I,7Ish.?ls2> ....here , .. zlp:csl.s2> (71, .. IIp:(7Is1.7Is2>) 

.. zip • 10. HJ:zlp:czlp:cl. 71' h. 7,,2~ 

F:zlp:cztp:CI.?IS1).?ls2>	 ....here ,1 c Q:Zlp:cZlp:cl.?1,1).?ls2>
 

& where 12 • H:zlp:<zlp:<I.?lsl.,7Is2.
 

",~((I. gl. hi - ~nt. 'g. I'll) • 111. '-21. 2-21> Q!_D. 



22 

c~ l~ by Tar lhe motol Impattanl algebraic law concerning II The 10110..... lng 

dillgrl!lm IlIu~trale!o it!. derivallon. 

p[f,3] p[h,j] 

f· [h .[1, HI, '.11 
~-

...1f"1 f 

B 

h·D.2·1J 

h 

J 

2·2 
"1 

""taRl 9·lh.lr,Nl, ,.lJ n51,1U2 j . [',1,1] 

FlO ~, 13 Der'vallon 01 C;:. 1L1I.gl· #l.lh.1I .. ILloulpul.ln)la 1e1.n slale2J1 

IJ.II.gl·~,dh.iJ • ,cU"'ln"'Il.:?"'21.1"'21. Ig·It'l"'1l.2"':!1'"'21. j"'[1.2"'2111 C#I. 

Prool: MI[ ;:'1I.gl .. ;.:lh.j1 D:I 

IOUI lip .. IF. GJ).{aul lip .. lH. J)) I 

o .....here cO.S~ = IF. 01 zip -Oul zip .. fH. JI-1. 115' 

f.ltp:<H .1Ip·(i. "Is.l>, ?I~) 

~ !, = (, lip lH IIp.<'' 'Is I), '?W 

~ ...·hore !:l = ,I lip 'I. 7151' 

!"Ill,::!r"'lh"',) ~·.'li·:!I. Ig"'[h"'I1.2"'2J.l·2J. ;.11.2-21111.1 

: IOul Zip" IF "'lip" [H -Zip "".2 1. a(2" 2)). ern .. 2) J. 

zip "'\0 "'Zlp·'H "'(,21.a(2" 21). a( I "'2H. J "'lip "'!al.aC2 "'2)JJ):1 

.. F:Zlp:<Hzip:(i. ?Isl). ?152) 

"here s .. Zlp:<52,sl> (11s '" zlp:<7Is2.1IS1)) 

& where s2 O'Zlp'tH:Zlp:(I. 1ls2). 11,ll' 

& where 51 J'ZiO' (I. 1152) Q,E,D, 
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A~ 8 lirst example 01 Itle u~e 01 CIJ.. lei us compute
 

,u12.lJ J.l.12. 11 (. SAl SR1),
 

t .. " • 2.
 g .. , • 1 

,ttl:? 1I-J.L[2.1J pf2-[2-1l.2-2L1'"'21, 11'"'12'"'''.2'"'21.1'"'21. 1'"11.2'"'21J1E 

Well. 2'"'[1.2'"'2J • 2'"'2. 2'"'12'"'2,1-2) ". 1'"'2 

1 '"'12'"':?,l'"'2J = 2'"'2. 1'"'11.2'"'21 .., 1 

So. we gel ,::11"2. (:2'"'2. 111 :r SA:~. 

A t'.IIQhIlY more comphC<tled transformation Is lh81 whIch 1ranslorms 8 

h,;,II-80der Wilt! 5 ~g3,e~' ml0 one WIth 4 "gates', 

h' f:md · lor. no, andl. lIndl·
·
 
fand lor. not · lind!. 2 . lor. andl! A7·
 
lend '"'11 '""Or .lndJ. not'"'2'"'(or.andll. 2 e for.andll Af"A1 

land 11. 21 . lor, andl. 2 . lor. .ndll AS· no' ··

· land · 11. no' · 21. 21 . lor. andl AS' 

Anolhe' uselul algebraic law Is that which allow, us 10 Change trom using 

It- to using IA. Th8 law, In FP. Is 

<A12) j\.U ... re ... l ... rev .., ~l 

(rey Is Ihe li,1 r8yerSe 'uncI/on 

,.y:.~ • 0 rev:(.1.x2 ...xn) ...pndr:cr&w:c.2 ...•n) .• h) 

WP. mU!.1 prove ,I on ,t:.FP 

!'I UlUI · rev; . rey) 11 

/UF 

,:\.iF 

· 
· 

tlrey . ~iP) · ,'p . arey 
- -~ - -

~.lp 
.

"hJ · .e. • zip 

!~ince :!ip ••~zrey • zip z rey 

• jr.(F Zipl ... zip Al~ 

HI"") OE.D. 
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01 CO\lr:c. 

A(f·r.v·'cv)·rev·revE~(I·re~·rev:~I. 

FIG ~_I41 ltIu~lr8tec A12 

r------- .. 

r 1l.1 

13 ..
f f1, 

,'------' M U 

~1' 

FIG 2 14 ~l ;\U • rev) - rev 

II " with 10 find a good "layout" lOr. circuit lewS such as A12 are 

Obviously use luI. parllcu1arly since we .re nol very keen on ttavlng ·crossed 

wlr,s· on :oWean. 

In lhe fOllowing chapter. we will give 80me examples 01 lhe use of #FP. 

a"«3 we will demonstrate the need lor some new combining forms 



Chapler 3: Some example,. extension, 10 anow us to de.l _th more 

complicated da" now 

Some examples 

In Oreler 10 help us 10 become lamlllar wUh ~FP. leT U!lo Iry 10 de!locnbe 

some $Impfe circuiTs. We will flrat consleler some ot the dlllereni Iype$ 01 

$hlll reglsler. We have already selin how 10 denote a aerial Inl $erla' oUI 

(SI$O) $hlft register 01 arbitrary lenglh :­

$ISO" = ~1l-2. apndr - W-2. lll. 

A serial Inl parallel oul <SIPQ) shill register Is very similar. except Il'Iat lis 

output Is Ihe whole of the state. not Just Its leUmosl element. $0. 

SIPO" = ~12. a.",dr - 111-2. 111. 

It we want 10 have a CLEAR lacillly. we wrlla 

CSIPO? z ~12. 2-1 _ ~D -2; apndr 1It-2. 1-1JI. 

The Input Is now In the form (!loerlal Input Cle.l!Jr). If CLEAR <2-1) Is I'II~h. 

we sel all 01 the bUs 01 lhe stale 10 be lero. using aD -2. 

A Ilightly more complicaled exemple II II	 pa,ellel Inl se,la' oul (PI$O) ""III 
I 

,egllter which hee pe,ellel Inputl end e 1I)IIIIOaa Iwllch. end whlcl'l acc_pls 

••rlel d,'e when It f, ,hilling 

~cj#~~~ 
I'Dr"'''''' ;,,1"'" 

FlO 3.1 A, parallel Inl serial OUI shill reg Isler. with serial dala 

The Input I~ In Ihe torm (shilllload. se,lal elala. parallel inpulS>. " sh"'ng 

Is enabled. the circuit beheves IIkp. e 5150 51'11" register. O1he'wlse. the 

perallel In pUiS overw,lle Ihe sla'8. So. the ~FP elescrlplion Is 

PISO? = ~1l-2. 1-1 - apndf - 111-2. 2-11: 3-11 

Wllh a CLEA,A. we gel 

CPI$01 • ~1l-2 •• -1 - (I'}- ·1 - epnd, - 111-2. 2-11: 3-1] 
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At In e...en more abslract level. lei us consider very simple mUIU~)ICl(er and 

dGmulllpleJlet clrculls. A MUX has as InpuiS a ·swltch" value and a pair 01 

dal' Inpuis ~s'*ltch.(dl.d2». " lhe ,,,,,Uch Is high. the MUlf passes the lirs. 

dall Inpul through. Otherwise. II passes Iho second daIS Input. Thus. 

MUX s 1 _ 1-2: 2-2. 

A demulilplOllOt has a ' ..... iICh.• "ngle da'" Input and two dala outputs II 

1I1~ sW'lch ie hlpn. DEMUX p....n. III mpUI through en Ihe lirSI OUIPUI 

'cMnncl" and SCIS the olher OUlpUI to zero II the s ..... itch Is lOW. OEMUX 

passes the InpUI Ihrouph on lhe second output channel and sets lhe first 

10 zero So. 

____ m 9EMUll' I I 12. II: lU. 21. 

We .....oul(J like 10 check thai lhe circuit shown In FIG 3 2 is the idenlily 

on the dill Input 2. 

l1ut I IDE~•• lot. 

FlO 3.2 MUX· (I. DEMUXI 

totux • 11. DEMUXI 

.. fl -+ 1·2; 2·2) • [1 11 .... 12.0); n.21l 

-+ 1·11 -+ 12.01 ro.21J: 2·(1 -+ 12.al: lo.211 A2,A6.A7 

--) (l -+ 2. 0). n -to u; 2) AUl Slalelcss).A6.A; 

-to 2: 2 AS 

2 

This means Ihal our MUX and DEMUX elreulls "maleh" each Olhcr correelly. 



AnOlher familiar DlCemple 's ltle buHdlng Dl a lull-adder IrDm hall-adders. 

c..... ~~:~:
~~hQ_c;"S... ~,---

FIG 3.3 A full-adder made IrDm 2 hall-adders 

A half-adder which produces a <carry-bll. sum-bit. pair I~ 

ha ~ land. xorl 

The clrcuil shDwn In FlO 3.3 is 

la.:;; hcor - II. 1-21. 2-21 - (1-1. ha"'12-1. 2JJ - (ha-l. 2i. 

When we expand oul Ihe hall-adders. we lind fhat 

ra'" hcor - (and-1. anCl-'xDr-1. 211. xor-f_Dr-l. 2JJ. 

where Iha Inputs .re In Ihe form ualn.bln·.cln) ana tho Dutpuls are (CQul. 

Soul) pairs. 

In order ID aCId two M-bil numbers. we need 8 cascade Dt M lull-adders. 

as shown In FlO 3 .... 

-g­
y~ 

S. 

FlO 3 ~ An M-bit adder 

Allhough we can describe 'his Circuit. II DOses us SDme prDblems because 

the simple ver,Jon of ,CLFP whIch we have described Is suitod onl~ 10 

describing clrcullS Of Ihe form shDwn In FIG 3.5. 

~ S.t-! S",-1. 

FIG 3.$. A -typical" ,CLFP circuM 
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Thai is. lhe date Is Inpul to (he rightmost ·bIOd:· Of the clrcuil n lhen 

pasms lhrougtl end Is processed by the various blocks In the cIrculi and 

IhO Oulpul, emerge Irom lho lolimOSI block. This docsn't scem 10 be 100 

much' or a consiraint unUl wo Iry to pUI Our M-blt addcn InlO this form 

Tho result is shown in FIG 3 6. 

Ok 

Il 

b, 

b k 

QM~1 

b'l-< 
°"_1 
b"_1. 

•• 

, 

I 

I 
i -­

r-­ -

t~ 10-­ 10­ "­ ... ~ 10-­

~ f. Ii f. fa fa 

S. 

c.' 
S. 

511-1 

I. 

FlO 3.6 The adder In ·~FP lorm" 

We can describe thiS clrcuil In j.l.fP by diyidino if UO Inl0 blocks which nOI 

only act as lull-adders but which 81s0 pass on Chat part of (ho sum whIch 

1'18S been calculated by the prev.ous lull-adders in the chain. Thus. each 

block accepts Inputs 01 lho form «aLbl). (cl.si-1.sl-2 ....s1n. Obviously. lor 

'tie rl{Jhtmost block, (he lisl of preylous sum-bUs Is empty So. our e:lIendcd 

lull-adder Is 

ela ::.: concal - Ila - 11. 1-2). U-2J. 

For the i~ block. W8 work out the carry/sum pair tel.sl) and we cancalenale 

II with Ihe IIsl 01 preylOus sum-bits (sl-1.sl-2.... ' h. which oiyes us 

(cl.sl.s p l.sl-2....sh. This Is the second Inpul to Ihe I+llh block. 



II wo assumo 11'1.111 cach Inpul 10 Ihe addor Is a pair <A.B). where A and 

B are the IwO tot-bll numbers. Ihfln Ihe circuli 01 fIG 3.6 is glvcn by 

adder ., r1. III • !Reela) • apndr • IZlp. ru II. 

We usa lhe matrix transpose luncllon. Zip. 10 transform each pair 01 M-bll 

number! InlO a 115t of tot tal.bl' pairs. which c.n than be passed 10 Ihe 

lull-adders. We appty 1l.tI1 to the oUlpul 01 !Reefa> because we wanl our 

ouipUIS 10 be carry/sum pairs. 

Allhough we we have managed 10 describe our cascade 01 lull-81,hJcrs. Irte 

.,escrlplion Is nol as simple as wo might hay€) hopCld. Thi~ is because Ino 

.,ala-flow In Ihe clrcuil 01 FIG 3.4 doas nClI correspond 10 our simple 

'­alandard typO of dala-flow The problflm la made more aculO becauae wo 

aro aoeklng 10 ca pluro Information .boui circuli layouls. as well as .bOul 

their semamlcs. Onco we have Iranalormed our original circuli speclllca~On 

mlO lis IInal lorm. we wlll wanl 10 lay II Oul aUlomatlcally Whon we comp!lre 

FIGs 3.4 and 3.6. II is Immedialely cleat Ihal FIG '36 is not l!l salisfaclOfY 

layout of the circuil II has 100 many unnecessary long wires Vel If Is lhe 

circuit layout 11'1.111 would be generated by Our Jl.FP description 01 the adder I 

,tFl'n ml.isrtJe eXl&..de" to deel fit!. cheW" In Which Ihe d.~.r;lQ.!S n--'pl .s.!!"P~t 

'now' Irom one "Ido 01 the circuli to the Olher. Before we doscrlbe Ihe 

e_tenslons which we have made 10 Jl.FP. we will {lIve one more ellample 

01 the usc 01 the original ,uFP. 

We would Itke to describe a .oallern malcher !Fosler. Kunp BDl. Lei us 

suppose 11'1.111 our pallcrn. a l.a2 ..an. is lilled and 11'1.111 we want 10 comDarc 

It to a series Of n-tuptes. We usc n cell~. each of which has ono 01 .Ill.. an 

"hard-wired" InlO il 

.. b. bn1.3 

01 
,... 

o. o. ... ~ ....It 

~
 
FIG 3.7 An n c~ .•.paltern malcher 

1 
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The aClion 01 each cell is 10 compulC 

and· 11. cq • fal. 2JI. 

The lollmosl call receives a 1 (or lrue' as Us lirst Inpvt and tho result 

Is then chased aU Ihe way down lhe array. emer{llng al Ihe rIght hond end 

as a 1 If (al.a2...an>",cbl.b2 ... t1n l . 

Wtlen doscrlblng Ihe circuit In J1FP. 11 Is easlosl 10 give each cell Its 

"tlud-wlrad' relor"nco value .III a conSlan1 Input The lIcOon 01 oach coli 

I, ltlen gIven by 

PM] ::. an<] " 11 cq " 11"2 2~..2.11. 

Th~ whole cirCUli Is 

malcher = I\.PMl " apndl • n. zip· lid. fal .•2. .nlll. 

Ea~tI Inpul 10 Iho II.PMl is II II,. who.o IIrll ploment Is ttle Iniliausing Inpul 

nl, and whOlO laU 'I a 1111 01 Inpul cha~~lsrl reforonce characler pairs. 

No.,. 101 us suppose Ihal .....0 have a long sequence 01 Input cho'traClefs and 

1hll wo wanl 10 compo'tre oach sub-soOusnce 01 length n ..... lth Ihe pallern 

(a1.a2 ...an', To do Ihls, .....e can put Ihe Input Ihrough an n bit serial Inl 

parallel oul shill reglslof ISIPO> belore passing II 10 Ihe malcher 1h's gives 

us Ihe circuli sho.....n In riG 3 ~ 

r "Po 
I 

- >-­ Ut'
_L ~L_ 1---­

PMI 

.-. -'-'-- .- ­
00 lQi I"' IOn1

...~tIr.. 
~l-I--­ I- --< PMIT P~I PlII 

'-

FlO 3.8. pall~r.n malcher APMI- 4pndl-n. zlp·1SIPO. [""'.1..2 ...nll 



I 

31 

Although our circuli behaves corroclty 115 " pallern malchor. 11 has a periOd 

01 O(n) because. In each cycle. the result valoe musl pass Ihrough all n 

PMl cells berore bC1nO Output. Our aim Is 10 have II period 01 0(1). In 8 

laler chapler. we will analyse II very similar circuit (Iho systoliC correlalor) 

ana we will shOW how plpellnlng can bo Inlroduced 10 ImprOve Ihe 

performanco 01 Ihe clrcuil. 

,A.n lnll~rcsling realute 01 our p1l11crn malcher is Ihlll WC have managed. by 

rhe 'ltlck" 01 IJsing II serial inl parallcl ou1 shill register. to aChieve qulle 

i1 complicalCCI paUern 01 C1al<l flow Tho circuil is. In 'act. a series ul cells 

Ihrough which ,he !Clf !lows in one direciion and lhe pa'iorn In Ihe Ol~er. 

.IlS ShC""" in FIG 3.9. 

..
Q; Go 

tnt 

.....uu 

FIG 3.9 A dillerenl ""ew 01 ourpliltCrh ih61clie, 

The only kind of composilion wh,Ch- It'ie cuFrerfr v(J~ion- or IIFP 1tII'O.'-h 

one In whIch all Ihe dala flow Is In ono direction. This means rhal we are 

not "allowed" 10 dlvldo our ClrcollS up Inlo cells which communlcare in bOlh 

dlreClions This IS a Oravc reslrlclion since many sy.tollc arra)'. have (Iala

•IIopplno through the array In ono direction and a resull stream movlno 

IhrouOh In Iho other direction. Inleractlng with Ihe dala slream II Iho 

processors One 01 fhe new combining forms WhiCh we will add to jtfP Is 

one WhiCh will .110'0'11 us 10 speclly H'WIt 11111'0 adjaCenl cell, communicale In 

both. dlrecllons. 
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The extensions 10 IlfP de1alled In the following section allow lhe u!>cr 10 

doscrlbe clrculls In which 1ho data flow Is more compllcaled Ihan 8 !>Implo 

unidirectional flow. without h8",lng 10 resori 10 !tIcks. for such clrculls. a 

descrlpllon using the new elllcnsions I" likely 10 be sImpler- and 08sler 10 

read than one wrillen In Ihe original ILFP. ThIs Is boctluse some 01 Ihe 

fouling of dat8. which would have to be specUle" e:llplicilly In simple p.FP, 

Is liken Clre 01 by the new combining lorms The new CF s 81so give lite 

user more conlroi oyer Ihe rayouis associated wilh hi!> circuit descriptions 

slnco he cln use ·cells· which hIve verllcal input!> and ouipUIS, inSlead 

01 having 10 lorce all 01 hIS data 10 110\111' horizonl.1l1y Many systolic arri'lys 

consiSI 01 eilher a linear array or a grid 01 processing clemenls In whIch 

dala fronts move bOlh horizontally and vertically The new combIning lorms 

aro uselul lor describing such clrcullS. 
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Extensions 10 8110- US 10 deal with more compllcaled d..... now 
Our firs! Blllension Iniroduces vertical dala Itow, W& move to blocks 01 the 

form shown In FlO 3_10. 

~ 

,-t, , 

1. 
FIG .3 10 

T"al It. tlC'lI" lhe InpUIS and Ihe OU1PUtl are pairs. lhe Ilrsl element 01 'he 

,npUI lorme; 'he werlical inpul. lhe second '8 horizoniai. as thown. FOr 1he 

output. the llr~1 elemenl Is horizontal 8nd the !lecond v.rlical. "". block 

It. !;hll IIlSI ,] runCtlon from a !:squence Of InpuiS 10 • sequence ~, Oul""It;, 

We haw. merely put a constrain! on the shape 01 lhe Inputl and outputs 

so lhere I: no need m3ke IIny elClonslons to our lormai ,eme.nllc!:. 

FU-Lt. we tfllroduce IwO new combining lorms which allow U!o 10 compose 

IwO r.u,h b!cck!: !O;;CI!10r e"her horizontally or v.tHUcally 

~b" ~Bb 
d I 

f H 9 ~< 

Jr• ~< 
FtG J 11 
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The 1'l'f0 new en.. - and I. can be defined In ~FP. 

+- g (1.1. 12·1. 2)] .. U .. 11. 1·21. 2"21 .. 11·1. 9 .. 12·1. 2)) IYoII: 

j g = Ill. 1·21. 2·21 .. 11·1. 0'"12·1. 211 .. If .. ll, 1·21. 2·2] >: 

FlO 3.12 Illustrates these deltnUlons. 

! 

f 
I-I 

1"1·2 

9 1N I 

f +- g '"' 11"'1. 12'"'1. 211 .. .. [1. 1·21. 2·21 .. {l"'l. 9 .. l2·1. 211 I>': 

/./ 

f 
2.'\ ~"-1-2 

9 
2 I I 2-2 

I , 9 Ill. 1·21. 2·21" (leI. 0·(2·1 211" If" {l. 1-2J. 2·21 r. 

FlO 3.1:? An IIIU~lrahon of ltle dellnilions 01 - and I 

" 
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The reader I:! Invited to comps,e FIOs 3.11 and 3.12. The Imporl/lnl thing 

abOllt f I-- g and fig Is thai the blocks which lhey prOduce !Ire 01 Ihe 

s./lm" form as the original I and g blocks. Thus, lOr I_g. each Input 

I~ of the larm «a,b).c) and each Olilpul cf the torm (d.(e.ln (el. FlO 3.11). 

Simll!lrly. for I I g. eact-o Inpul Is of t~e tarm la,(b.cH lind each oulpul 

01 Ihe form «d ..,>.!l, In each case. the resulting bIOG~ Is In our slan~ard 

conllgurallon let. FIG 3.IOJ. Thl~ allows us 10 use Ihe IwO combining torms 

freely. wlthoul having 10 worry aboul the "rypes' of Ihe clrculls WhiCh we 

compose. Any circuit lor program) whoso In pUiS and OIl'putS /Ire pltirl Is 

01 the nghl type 10 tie used wlln lhe:,e (;ombinlng lorms For Circuli! 01 

Ihls Iype. there is an easy Iran~r:itlon between 4 layoul appropriale to simple 

~FP <InC! one .lIP;:Jropn.jte to thl!; ncw verr.ion (:uld Ylce yerS3l. as ~t1Clwn 

In FIG ~ 13. 

_~b.e- .. 

f=LJ- ~
 

~~~.. ~ 
9 ==t 9_J-­~ 

~~o~ll t ~-TTl 

FI\,; 3.13 Tr3n~I:Hlnt1 tlelwecn the IWO ~lanC.1rC conliguraUons 
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W, _II/ now derlvo oJ" "'getlr,sIC 100w whlctl relales - and J. FIG 3.14 shows 

IW(l ctrr.uH~ whiCh .'0 ~emanUcally equivalent 

FIG 3.14 Irev"~.l)·C1 _ g)"'{rev"'2,1l = (rev-garev> l (rev·'·rev) 81 

Proof: ere... Is reverse) 

Ire~·2. n .. II - g) .. Ire... ·2.11 

., Irev .. 2.1)·11 ·1.12 ·1.211·11·(1, 1·21.2 ·2)·11 "'l.O"'12"'1.2W[rev .. 2.11 IX 

., 1(2,2·1).1·11 .. 11"'11,1·21.2·2) .. 12"'2.0"'11"'2.1)1 AS.rev 

•	 1(2.2·').1·11 .. (1·12,1·11,2"'11 .. (0·11"'2.11.2"'21 

111.2"'21.1·2) .. 12·1.1·'2.1·'11 .. 10"'11'"2.11.2·21 

•	 !I1.1"'21.2"'2J .. 0·1.re... ·'·,8... ·'2·1.21 .. Irev·O·'e... ·[1.1·21.2·21 

• Ir8... ·0·r8...) I (re ... ·f·rey) Q E.O. 

The algebraic law. 81. Is potenllally useful In 1M searCh lor an elliclenl 

'.yout Of • given Circuli. Although bOlh cirelliis In FIG 314 appear to have 

many 'crossed ..I,e~·. II may be thaI Crev"o·rev) and (rev·'-rev) are clrculte 

which we "know· now 10 lay Ottl. For Instance. II we IInow Ihe layoul lor 

o. and If a/l Ihe IrlpUI$ are one wIre Inpuls. Ihen we can obtain a tayoul 

lor (rev·o·rev) simply by flipping the cell aboul Ihe diaoonal WhiCh sHute 

In the lower lel1 corner. 11 mlly al!;o be Ihal vertical rather than horlzonlal 

~ta~klng (or vice ver!;a) In one ~ecllon of the circuli may ellow us 10 lay 

oul the whole circuli mOte efficiently. 
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By rcpl&Cinog I bV r€lv·'·rev. and g by rev·g·rev In 61. we can derive a 

~imltar law whiCh gives I In terms 0' -. 

Irsv·2.11"'Ulev·'·rev) - frev·g·rev»""rev·2.11 :: 9 J f (by 6n 

12.rev·1] • (rev·2.1) w:: Irev·2.11 • Ill.rev·1J :: Id 

12.rev·11 • go "' 12.rev·l) • (revO'IO'rev) - frev.g-rev) B2 

Nexl. wtl IntroduCe .. combining torm. \. whiCh allows us 10 lorm • 

two-dImensional grid or orlhogonally conneCled celis. as shown In FlO 3 '5. 

• b < 

ds 
\I lor InpulS 01 Ihe form «a.b.c>.(d.en 

oulpuls are 01 the lorm Hg.I'l).<I.I.k)l 

FIG 3.15 

The 1 and - combining forms have eX8Clly Il'le saml!l definlUons In FP 

a~ 1hey have In ,.:.FP, Thus. we can consider thai 1 and - lIIre new CFs 

in FP. Tl'leir definition:!; are given In FIG 3.12 This allows us to defln! \ 

In Fe in 'Arms oJ~versions of 1 and -_'.nWe could define \ directly 

In ~FP (In lerms Of /L and ~I but In Ihls case. we have lound It l!IlIIllar 

10 add .. new CF 10 FP and to add one equalion 10 the Iisl 01 equations 

which define j.:FP in lerms 01 FP We define \ by case analysis 

11 \I.« <y:"- .:,__:Ji4,.(x.y> __ 

2) \1 « 1. xn-.'yl ... ym» :: 

(1.concal-21 - (\1.1-\0 • IImst.1.lIasl.lIJ.21:c<xl ... xn>.<yl ...yml' 

U1m)n) 

Iconca.-1.21 "' (\11\0 - 11,lIhd-21.t1-211:(fJl;1 ...JlnJ.(yl ...ym)~ 

(if n ;> m) 

'concal IS IIsl concaienalion. concat:«xl.x~ <x3.Jl4» w:: <:I1.Jl2.Jl3.Jl4). 

mSl w:: rev • II • rev) 
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An lnleret-ung la_ abouT \ Is IlIU$H8Ied In FIG 3.16. 

I. I. 

FlO J lB rey are... \l 3re.... ,.. \(rev fev) FB3 

To prove fell' are" \l are.... '.. \(rev rev) (In fP) 

,D-Q-a 

s d 

• 

< 

b 

1) LHS:Hlf.'.<y)) .. rev"alld).f;<y .•> 

RHS:Hx>.<yn ... ulldl"rev'"<y.ll;) .. rev:alld):I:(y .•' 

:2l lor n ;:J m 

lHS:uxl. ..lln>. <yl ..ym" 

Irev" cone .!Il'";~ .ffly.. 1)" (\14<- \I) '"Hmsl" 1.lIasl·111. 2J: ({r,· "',(1\,'1\ . 'l;1~ 

IconcIt· re... • orey·2.re.... - 11'"1\1-- \0: cHym ...y2>. (y1». <lin,. 1(1)' 

since rev·concal .. concat'",eY'"arev 

lconca'· r .... '"2. l'·(r9\1'" 1.are... • 21'"(\1-- \0 ·(ate,,'" l,r8.... '"21: 

- _._~._- ury2 ...ym>.(ylH ,(Ill ..xn>") 

~ lconca'·'.,,·:? .11· ({::Ire ... "'\,. are .... ) -farev'""'"are\lJ) ·(re... ·2 .11 

<cxl. oxn>. «Y 1). (y2 ... ymH> 

110",''"1 .arc,,'"?'· " ....... g) '"I.tre" .. l.rev '"2]={arev .. r" ure...' ..-(are" ·~·are.... » 

(conC31'"Z. 1I·1\(re.... '"j. rA .... ) I \(re.... ·j·re....)):url .. In>. «yl>. cy2._ ym»> 

by 'rtducU....e hypothe!l! and 81 Un FP) 

RHS:U.1._.lrt>.cyl-. ym)I QE 0 
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The prOOf lor m ) n IS as ebove. bul backwards. We mUSI now olve lhe 

semanlic equeUon whiCh define, \ In ~FP. 

H(\I] ~ :rIp· «lip" \l7lp .. Hlf) .. zip) .. azlp .. zip Xl 

1hl, Is the mO~f complicated semanllc equallon so lar. and 11 requires ~ome 

expllnatlon. We must remember Ihlll the rlgtH !'lend side of the equ31lon 

It an FP program. The program lakes a slream 01 Inputs. each 01 the form 

~(.I, ..•n),(yl. ym». Howe ...er. 'Czlp-H,'] "'zip) elCpeCl, Its enUre Input to be 

In 11'l8 form t(wl ..wnl <1:1. .zm)). So. 15 tlelore. we muse use the malrl. 

Iran~pose function. lip. 10 keep the lypU right U'zip·zlp changes an N-llsl 

01 ft-Ilsllm-Ij~t pairs Into a pair whose Ilrst elemenl Is an n-Usl of N-Iists 

.n~ ~ho..!t!_ second alemenl Is en m-!~~_~_~-IISIS. where N Is the lenglh 

01 Ihl!!l Input stream. Lei u~ lake a simple eumple 

tI~lp -Zip· <~~a.b.C•. <d.e.II). «g.h.h. <1.11:.1». 

aZlp: «(<a. b. C.'. <g.h.ll •. «d.e.b. <1.11:.1») 

«<a.g). <b.h) <c,I». «d.l). <e.II:). d.I))) 

On Ihe outpul side 01 \{zlp·Hlf] -llpl. we perform the ~ame pr-ocedure In 

rl!!lverse. 10 ensure lhal the OUlputS 01 Ihe program l!!Ire In Ihe same lorm 

as lhl!!l Inpuls. We must now use equation XI 10 prove lhat 

rev - arev - 'I • ar-ev - rev '" '(rev - I • r-ev) 83 

hOld!: In ~FP. 

Proof: lei F '" M IIYD 

H[LHSJ 

a(rev ·lI:rev) ·Zip- aZlp -'(Zip· F ·ZIP)· aZip· zip·a Car-ev· rev) 

Zip· rev· aarev· aZip ·'(zlp-F ·ziP) ·azip· aarev· rev· zip 

since zip·aarev '" a«rev·zlp end ar-ev-lip '" zip·reo: 

slip· azlp -rev· arev-'/zlp· F -lip) -«rev·rev- azlp • zip 

since arev-zlp '" lip-rev and rev·Clzlp '" «zlp·rev 

zip· azlp -'(rev-zip· F -zlp-rl!!lvl-azlp ·llp by FB3 

lip· azip-\(zlp - arev-F -«reV-Zip) -azlp ·Zlp 

HIRHS] OE.D. 
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Another law concerning \ Is 

aarey • \f .. (lOfey .. \(arey .. I .. Clrre"') 1104 

We will nOI prO\le 804 aa Ihe prool I, ,Imllar to Itlill for 83. However. fiG 

3_19 lIIuslra'es the equamy. 

FIG 3.19 \l:rre... ·f·arevl aarev"'''"'aarev 

In 'liet 804 generalises to 

plop:: Id =s aap .. \1 .. aap II" \(ap .. r .. ap) ,.' 
law!; such as 1he~e are pOlentially useful In the searCh lor "good" layo~ls 

FOr InslanCB. the ,ransformallon Irom aarev"',larev·'"'arev) "'aare... I(J \f 

eliminates many unwanted "reverses". 

In lhe follo ..... ing section. we will Introduce some furlher I!!lIlle!:'sions to .L:FP. 

which allow us 10 compose cells lOgether '0 Ihlll lP1ey communicate In ~Olh 

eUrectlons 



Ewtel\SIOI\S 10 allow bldlrecUonal dalll ftow 

We now move 10 DloCk, 01 tha torm shown In FIG :!.20. 

L 

f 
1.3 

3 

FIG 3.20 

That Is. both the InpulS and the outputs are Irlples. The Ilrst elemenl 01 

83Ch Input I, vertical. and the second twO Ire horl,oniei. In opposIte 

dlrecllons. For the OU'put. Ihe IIr,t two elements are horlzon1al In opposlle 

dlrllcllons.•nd the third Is vertical. This scheme I, obylously lop-,Ided In 

Ihl! Ihe bldlrecllonel 1I0w I, all horlzonlal. A llCheme In which each edge 

of 'he blOCk had both InpUIS and outputs would have a pleasIng symmetry. 

However. we have chosen. es a first slep. 10 Inyesllgete 'he scheme shown 

ill FIG 320. because II is simpler and because we haye not yel encounlered 

a cirCUIt whose da'3 1I0w lotlows the more general scheme. We Intend. later 

(Dill nOI In this thesIs). 10 moye to Ihe more genetlll SCheme and 10 
( 

inY9~lIgJllfl !.ome releyent systOlic algorithms. 
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Neill. we Inlroduce two new CFs. which .Uow ua to compose IwO 01 o~r 

blocks logelher. either yertlCally or horizontally. 

11 

bk • b 

<w • 
f 9 ~d • . '}­

J... 
FIG 3.21 lal I t g (b) I ~ g 

1 t g c.n be expressed In ILFP. as f and g communicate In only Orle 

direcllon The Important point Is thai Ihal 1he reaulling circuli should h!ye 

Iha same lorm a5 f and g 

1t g • 111.1-31.12.2 - 31.3 -31 -11 -1.2-1.g -,3 -1.2.3U-WIl. 1 - 2. 1 - 31.2 -2.2 - 31 XII 

1~ ....... /'
 

1·1,.13 
g-.~ 

f EX"z 
Zit . . I'~-

3 I Z'3 

FIG 322 

So. for an Input 01 the torm (a.<b.C'.<d.e)). lhe corresponding output Is 01 

the form e<h.j),<Iil.ll.m' (ct. FIG 3.2lJ. 



Th. horlzonlal composItion. -. Cllnnol be expres5ed In jLFP. We are lorced 

to describe the two way communlcaUon between Ihe cell5 using a recur51ve 

eQ~aUon. So. In FP. 

f - g '"' ),((a.b'.C.d). 

letrec ~U.Il.Z' Q ~b.c.v). 

(w ..... y. ~a_u.d' 

In (w.Jl.(y.ZH leI. FIG 320 

W" can think 01 Ihe oulput5 01 I - 0 as being calculaled by a metllod 

of succe~5lve approlllmalions. HOwe...er. II we creale II loop 01 dependencies. 

whlre u. ~s absolulely dependanl on v and v 15 ab50lulely dependent on 

u. then lhere Is no roule 10 Ihe eolullon and we have deadlock, Thl5 

mechanism Is a possIble model 01 the way In which Circuits which 

communicate In bOlh dlrecltons come 10 "agreement" aooul lherr common 

~.lgrlals end so ~ellle. 10 give stllble OUlpuls. Circuits too can deadlock or 

becomo un~lable If we create an unresolved lOOp 01 dependenCies. 

We mlltl now write a sem_nuc eQuaUon defIning - In ~FP. 

MUI-g J • zip -1l.2.zlp-31- Hzlp-F -zlpJ_(zlp -0 -Zip)} -hlp -1.2.31 -Zip 

where F • M(lJ. 0 • HloJ XIII 

"glln. we use our matrix Irlln~pose lunctlon to ansure thai ellch Subprogram 

receives input 01 the approprlale shape. This detlnUlon 15 wrillen In terms 

of Ihe FP venlon 01 <-. and to. we must avoid crealing deadlock when 

w~ cause cells 10 C'ommuniC'ale In bolh dhecllons In many systOliC arrays, 

a 4at3 slream !lows In one direciion. whUe a result slream !lows In Ihe 

opposite direction. In lhal case. sinca (he dllia ne...er depends on the result 

thl!re Is no danger of deadlock. For In5lance. the systoliC correia lor which 

Is lakon es the ellample In chapler 5. Is of this form. One can conceive. 

hOlfever. of more complicated "handshaklno" mechanisms which. while being 

Clo~dlock free. requIre se...era' "lleratlons· 10 calculate the resulls 01 1-0 



The aloebralc law. B!5. describes the effeci 01 "flipping" I_g about a yerllcal 

ails. a~ shO'«n In FIG 3 23. 

• 
~~I:=tR 

"
t : ~ I 1 I ~ 

I· T 1..-
FIG 3.:23 

12. 1.re... ·31 ·Cf_gJ • (re... • 1.3.2):({2. 1,3)·0 ·11.3.~lh-"«2.1.31·r"11,3.2)) 85 

If we use recrey, _ recursl...e re...erse. which nOl only reyerses a 1151. ~ul 

calls I1sell recursl ...ely on all the elements 01 the list whIch are IIsls. I~en 

we can rewrite 85 as 

f1lpl" n_gJ "fllpr .. (IIlpl·g ·fllprl_ Ullp'·'·fIlpr) 

where Illpl. 1:2.1.recre... ·3J, fIIpr. IrecreY·l,3.2J as' 

Tl'IWla...0" "YI 1M' !Upping I_a oyer Is Ihe same as lllpping f .nd 

g over separ8tely 8nd compoSlno them properly. Anolher law about I_g 

.!Il1ows us 10 mo...e "detachable' CirculI seomenlS Irom Ihe I part 10 the g 

parI. or vIce versa. 

99 
1------.1 V 

FlO 3.:24 f[l.y·2.31"n-<lu·1.2.3J·O WIl.u·2.3U.......-(g·(l,2.y·31l 88
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Such .II transformation may allow us to simplify the clrculls on either sIde 

01 the -. Our rlnal CF. \\. 'orms I grid 0' cel/s. as shown In FIG 3.25. 

I .I:.I f~.~ 

J • 
fi f 

lh 

. -!. t. 
lor Inputs of the form «8.b.c).<d.e>.<g.hn, 

outputs are 01 the form UI.j>.<k.l>.<m.n.o» 

FlO 3.25 \\1 

As with \. we .111 add \\ IIrst to FP. and then to IlFP, We ha..-e already 

denned - In FP. and Is defined In FP exaclly a, II Is In J,LFP. Then. 

1) \\I;«lP.¥.Q'H • alJdl:Ux.y.z. 

2) \\1: texl, .xn•. ~ l ..ym>. <I: 1. ,zmH 

Iconca'-1.concal-2.31· (\\1 t \\f)-ll.ll' J.t11-2.lIlJ.II]- 3J: 

«xl.	 ,In>. <yl. .ym>. (ll, .zm»
 

If m ) n
 

(1.2.concal-3J· (\\f-\\O -(Imsl.[Iastll-l.2.3):Hxl, ..xn> (y 1 ...ym). <zl ..zm)~ 

If n ) m 
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The second definition use!> a recursive "divide and conquer· technique. as 

lIIuSlrated In FlO 3.26. 

..., 11. ':I.n 

.. U VH <vi> 

I' ~.'
Jl .' 

H}1-1 '"~ 
y­\\1 

)" ~YM 1. ! 
_I! .. 

FIG 3.26 \\1 In terms 01 t \\1 In terms 01 .......
 

The lemantle equallon defining \\ In p.FP Is 

HInt) .. zIp (nip - \\(zIP • Hil) • zip) azlp • lip <IV 

This has eX8ctly Ihe 58me 'orm as the equation lor ." As usual. we use 

zip 10 ensure thai each subprogram gets Input 01 the correcl type. lhe 

algetualc law B7. 'or \\. Is analagous to 84 lor 

Gelrev • \\1 - aorev = \\(orev • orev) "' 
Our final aigebrlllic law releles \ and \\. II Is Illustrated In FIG 3.27 

----MHtt-:-rtw·~'fl -1.211) -11.121.13 11-\\ «1 - 1 2 - '~.g1-ll.12.3111_·-lL[2J.[3UBB 

FlO 3.27 
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By ellmlnlliing Ihe IwO reverses. we have Inlroduced bldlreclional dala HOw. 

il Is II question 0' whelher we ·dlvlde- the cirCuit up horllontally or ...erllcally. 

In Ihe systolic correlator cirCuli 01 chapler 5. we lind that 11 15 88slest 10 
, 

consider 1he IWO horizontal slices Of 1he clrcul separately at first This allows 

us 10 In'roduce I'llie dimensional dala 110'111 In II re'81lvely p81n1ess way. 

Howevpr. In Ihe second stage 01 1he design. II Is userul 10 consider the 

CirCUli as a row 01 ldenlrcal cells. 1hls freedom 10 decompose the clrcUIl 

In ;5 numDer 01 d.Uerenl way~ is a useful lealure 01 the no... combining 

forms. In Ihe IOllowing \'1110 chap,ers. we give some ellamples of Ihe use 

01 simple jJ.FP lind 01 U'le new com Dining torms. 
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Ch.pter 4: C.se Studies: Some Smell EK8mpres 

The Telty Circuli 

The laity funclion has n Inpuls and n+ 1 OUlpulS. The Io;~ Outpul (Slarllng 

from 0) IS 10 be high. anCl all other outputs low, II k 01 Ihe Inputs are 

high [Mead. Conway 801 

ri li~ 
~ 

I 0 I I 

flO 4.1 TwO eJamples of Ihe behaviour 01 a 3 Inpul lally 

We can ~ee Ihal the 1 In Ihe QuipUI Cllvtdes the resl 01 Ihe Oulpul InlO 

lwO groups of O~. The number 01 Os In Ihe lelthand group Is the same 

et the number of low jnpuls 10 (he lally. The number or Os In Ihe rlghlhlnd 

group I. the same as Ihe number 01 high Inpul. 10 the lally. The ouipUIS 

are nl!mbft{DCL1LO~lghl 10 left. Nalurally. Ihe 10lal number 01 Os Is n. 
- ---.--. ---

ThO basic cell u:;eCl in Ihe laity ClrCuil Is TA. 

®

I t J 

flO 4.2 TA 2 - 3: 1 
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TA is ,] s.laleI8!;S lunClIon. lei us use 'wo TA cells 10 conslrucl a one Input 

1311y. 

outo 
Inow = Id _ u: ""1. 

To ~ 
Tal r IlA-["o.1.1L TA-n,l.cll 

T I 0n ~ 
II. Inow • 1J 

FIG ".3 A I till tally circuli 

He Inpul Is II list containing one bit. The seleclor luncUon 1 Is used 10 

piSS 11'1.11 tlil 10 1he lwo TA cells. The lel1hand TA proCfuces a II the bit 

IS 1. and. 0 Olherwlse. Thai Is. 11 passes the bit through. The rtghthand 

tlilly lnvens Ihe bil. 

A Iwo Input tally is. morl! Inlaresllng. We add three TA cells 10 Tallo make 

i' 

~ 
~~ ~
 

TQI 

FlO ..... A 2 !:lll I~IIV circuit 
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We would like 10 describe the generic lorm of Ihls circuit. lCI us Iry a 

recursive description Ic'. FIG •.6). 

+,~ 
• n~ 

Ta n-I 

n-' 

FlO •.6 An n Input lally constructed from an n-1 Inpul lally 

We explained above thai the outpul of a tally can be considered 10 be Iwo 

groups of Os ~eparated by the single high oUlpul The number 01 leros on 

Ihe right gives Ihe number 01 high Inputs. the number on the lell the number 

ot low Inputs, We would like 10 build an n Input tatly from lin n-1 Input 

IlIlIy. 11 the nih Inpul Is high. we must add a 0 10 Ihe right Of Ihe outpul 

of lhlFt n-1 input lally. as we have Increased Ihe number 01 high InpU1!1 by 

on~ " Ihe fll"a input Is lOW, Ihe 0 musl be added 10 the lell 01 the output 

01 Ihe !.maller lally The lally CirCUli constrUClS Ihe two pos~lble outputs and 

use!. Ih(l llnal input 10 ~eleci berween them. A series on n+-1 TA cell!. Is 

u~ec1 te make the ~l!leClIOn Each TA has the final Inpul as its middle (or 

!;clectlng) tnpul The lisl conlalnlnQ 0 lollowed by Ihe Ou.pul 01 Ihe sm<'liler 

lal/y' I~ spread along the lelthand InpulS 01 lhe TA celts. The rigtllhand In puiS 

receive ttle outpul 01 the n-I bll l!IIlIy followed by 0_ Thus. the row 01 TA 

cells se'ecls belween Itle two possible outputs. giving us an n Inpul lally. 
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From lhe lJlagr<!lm. we coltn 5ee Ih" 

Teln) = aTA·zlp·lllpndl-n.Ta'n-U-mosll. 

In.n ...nl. 

apndr -ITaCn-l) -mostoll 

whe,e most. revers.-II-reverse 

We use tip 10 form Ihe lIal or 3 elemenl Inputs and lhen we epply TA kI 

each 0' these 3-11515 10 give lhe , ••ult. The basis 01 Ihls recursive deflnlllcn 

l!o very elmple. 

TalO) ~ 1"11 

The liS! has no Os since Iher. are no Inputs. 

The recur~iv. delinilion Is Inl,rUling. but II WOUld be nice 10 give II mOfe 

FP·llke descrIption. It may be used to .lImlna" the recursive call. We eln 

view the circuli 85 shown In FIG 4.7. In WhiCh case. • tally circuli 01 any 

size (n ) II woulCl be given by 

,'\.1 • apndl • Inl. Idl 

FlO -4.7 The lally clrcull as /1.1 • .pndl • In I. Idll 
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W" need 10 lind a luncllon whiCh describes the operaUon of Ihe boxes In 

Ih! diagram. One posslblilly Is 

I a aCTA'"n'"1. 2. 2'"W'"distr'"(zlp'"lapnol'"tD.1I. apndr'"l1.on. 21­

This may seem rather complle.led. but II Is closely related 10 lhe recursive 

definition given abOI/B. I 'akes .5 Input Ihe lasl 01 Ihe bits being lallied 

and the result of laHylng the resl 01 lhe blls. 11 .tlen 'caICulates' the 

approprlale Inpuis 10 the e.lla siring of TA cells nec8ss.l1aled by the last 

btl. ilJ~t as In the recursive case 1,110wn In FlO <4 fi As as ellample. lei u!; 

try working oul a 2 ('HI lally 

/1.1 .. ((il. 1. :?1
 

(I .. Ill!. 1J. 21
 

laCTA .. 11·1.2.2·111 .. dislr .. IIIQ,"1l.l1.vll.ll. 2J 

UTA" n. 1. "11. TA .. 11. 1, ~JJ. 21 :: 

lfl. InvOOl). 21 

aHA" fl'"1.2.2'"lU'"dlsl,·nri.IJ.1Unv'"lJ.llnv·l.DII. 21 

ITA" fC. :? 1). TA .. 11. 2. Inv'"lI. TA .. !lnv·" 2. ull 

12 - 1: C. 2 - Inv·l; 1. '2 - ""i; Inv·1J 

*,~Ich Is the two Input tally thel we had before. So, we heve given a 

non-recur.lve desCrlpllon 01 a tally circuit of arbitrary size. The circuli Is. 

of coune. stale less and could lu~t IS eaSily be described In the original 

FP language. In the nelll section. we .111 descrIbe the Muller C element, 

whIch I!; II: ~implC circuli wll~ ~Iale. 
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The MuHer C elemenl - a rendervous. JOIn or LlsI-ol circuit 

The output 01 II C ehtrnenl becornn 1 only afle, all 01 lis Inpuls have become 

1. " becomes 0 only aile, all 01 liS Input. are O. The C element eCls as 

a lalch. responding 10 the "Iesl of' II set 01 signeis which Change In th, 

!lame (Jirecllon. FlO ~.8 give:!: en example of the behaviour 01 II C 8lemen! 

inl 0 0 0 1 1 0 1 1 0 1 0 0 0 1 1 1 I 0 0 0 

In::? 01110010011100111101 

01.11 0 0 0 I I 0 1 1 0 1 1 1 0 0 1 1 1 1 0 0 

lime ­

FIG 4.8 Elllmp'e Dehllvlour 01 II C element 

C elements ar. ua.d In ,eli-limed clrculls. We describe I 2 Input C element 

., 
C • p.«eq • 1 _ 1 • 1; 21. (eQ • 1 - 1 • 1; 2>1 

J,:.([Id. Idl • leq _ I • 1; 2ll. 

In lhls circulI. lhe oulput lunclion 18 the slime liS Ihe ne., &1.'6 funclion. 

WEt want the output 10 respond Immediately 10 the inpul~. and Ihe mQre 

usual 'arm. ,:.12. J would inlroduce unwanled delay into Ihe clrcuil The 

conolllonal leq • ;.- --0 1 =. 1; 2J ex;;e$;';s Ihe faCI -lhallhe slale Ind 

thl! OUlpul can Change only when lhe Inputs OJ are equal. 
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we can connect several C elements togelher .s shown In FIG 4.9 merely 

by wIlling It C. 

£F 
FIG ".9 Connecting C elements together 

lhe number 01 C elemenls Is de1ermlned by the number of inputs. The clrellil 

'~I• •• II C .Iemanl (for IIny number of Inputs) prOYlded Ihal lis InpuTs 

°lransll only 10 the condllion complementa,y 10 the output" (Mead. Conway 

8D p. 2"'1. If Ihe cond,lion Is nOI Obeyed. the circuli does nOI beha...e as 

• C elemenl. Con~lder. lor example. a 1hree Input circuli maCe 01 two C 

elemenls. lei us slart with mputs anC stales all zero. II we now Change 

the lwo inputs 10 Ihe HlSt C element 10 1. bolh lis st81e and Its output 

bltcome 1. Thai output Is led Inl0 the second C element wl1h Ihe third Input. 

Since the third Input Is sUllO. Ihe slale and output of the second C element 

r,main at 0 Now. If we change one 01 Ihe llrsl two Inputs back to 0 and 

tl1a third Input to 1. both Ihe state and the output 01 the second C eleman! 

flip 10 1. This ma,1n~ that the output of the whole clrcuil Is 1 despite the 

I,let thai all three Inputs have never been high al the same lime II W8!; 

Itll' lact thai we changed one of the inputs back to 0 while Ihe ou1pul was 

o thai c:au!.ed the problem. 
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let us .rlle out In full ttl. desc,lp1l0n at our 3 Input circuit 

A C • 11. 2. 31 .. C .. Ie .. 11. 2l. 31 

• 1111. fI .. 11I1f. fJ .. fl. 21. 31
 

«wher. f '" Ceq .. 11 .. 1. 2 .. 11 - 1 .. 1; 2))
 

., ~U. f1 .. 11((1. 3 .. 1). f] 

(,Ince (Pole. (II. hi or ~1I •. h .. 11. 'II lor h sialele!o!o) 

.. ~(I·llf.3·11·11.2·21.1·21. [f'"'Uf.3'"n·[1.2'"21.1·2U·I1.2'"2))J 

'by C~) 

,,"{Ceq '"((eq·(1"'1.2'"1l-1·' :2'":n.3'"1)-3'"';1 '"2>, 

[(eq ·({eq '"11'"1.2 ·11-1 ·';2 ·21.3 ·1)-3" L 1·21. 

eq'"II·', 2'"11-1'"1; 2'"211 

.. $110- Ig. eq .. 11 .. 1, 2 .. lJ - 1 .. 1; 2 .. 211 

(wher. 0 '" 10'"'-2·'-3"''' v 0'"'''2'",,,2'"2=3'"1)_3·';1'"2» 

we ha...e swItched 10 Inlli. nOla lion lor legibility. The eJ.pr.sslon has. as orle 

mlghl expect a two bil stale. Ho.eyer, our condillon. lhal Inputs I,ansl! only 

10 the complement 01 the output. teU us Iha' If the fin' IwO Inputl .r. not 

equal. then both at81es must equal Ihe output. Hence. 

.-2-11lI:OII1-2-2-2 

where 1 Is the Input and 2 Is lhe s1.'e. So. we can reduce the lunC110n 

-8-----(W:hlc~rs Inside _ Ad to 
- ------ .. 

0-1=2-1"3-11 - 3-1; 1-2 

So, our expreSSion becomes 

,1.:(1-1=2·1=3-1- 3 -1,1-2. 11-):2"1"3"1_3"1 ;1"2. 1-1=2"1-1"1;2-211 

It I~ clear lhat the second bil 01 state Is superfluous. since the ourpul d()es 

nOI depend on 11 In any way. ThIs allows us 10 reduce our expression 10 

$111"1""2-1=3-1 _ 3-1; 2, 1·1-2-1-3-1 - 3-1; 21 

• IoLlUd. Idl - 0-1:2-1:3-1 - 3-1; 2»). 

which Is a three Input C elemen!. 

In Ihe next secllon. we move '0 I lo..e' level. 10 describe pass lransisiors 

and Inverters In Ihe manner 01 Gordon IGordon 81. 821. 



Pass Iranslston and Inverlen 

As In IGordon 811. we use I third "boolean" value. 9. whiCh Indlceles a 

value thlt Is "floating" belween 0 and 1. Then. e pass tUlnslstor. PT. Is 

given by 

PT ., p.!tor - 11-1. and - leq - n-1."itl,2J! - 2-1; "it). 1-11 

Lon, ...1 (I·~ 

~ 

",jp~~2.11 
i.nput 

That Is. If the control Inpul Is high. or It COnlrol Is floating and Ihe slale 

Is Mgh. the output 01 Ihe pl!l!l lransisl0r I~ l1s Input. Olher-wlse. 115 outpul 

IS IIOlling. The new SIll Ie Is 81w8YS Ihe Inpul. This Is 8 ver-y simple model 

or I pass Irlnsl~lor. bul II Is sufllcienl for our purposes. More complell 

models 01 circuli behaviour could also be embodied In ~FP. 

A pullup transistor Is pulled low only when Ihe Input Is low. It Is given by 

PU • eq - lid. "11 - "0: '1. 

Ground Is lust a source of z:eroe~. 

GNO :: Ii 

We Cln deSCribe Ihe Inverter shown In FIG "10 by combining our Ihree 

derlnltion!\. 

---voo 

pod., 

I ,"-' 

p."...."rl 
~~"D 

FlO 4.10 Making an Inverler lrom • pullup Ind I pas!. Innslslor 

I 
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A two-di'nensknal sIYn regster 

We have becane mere f~ar with the p...::lCess of errol design by designing and Iayi'lg 

out • very ~ i'ltegrated ~ct.it Fa cu frsl ettert at IC design. we thcught It wise 

10 c:hccse III very ~ p'<:btem. but a"le wl'ich w<:Ud htrcdJCe us to sane of the 

pcblens which have 10 be faced h desigWlg mae cc:JT1)k:ated chips. So. we wiIlnled to 

~ emne"*'CI wNch was eIgtltty mcYe--~eled than the Meilld iIlnd Ca'rway shift 

register eel. and which was " the term or 1!I two-dimensialal systofic array. The mvlOJS 

chace was <II two-dimensicrlal shift regrsler. thai is. me which cwtd Shift II bit Across a 

Down Iccad'flg to • ca'ltrci signal The basic eel is caRed SADceD. SADcens can be 

placed h an array. lIS shawn in fIG 4.ft 

~6-6-. 1 

FlO 4.11 A:3 by .. array of SAOcells 



let u~ Urst describe SAOcell In #FP. Eech cell must eccept (and pass onl 

the IwO control slgnels. SA and EN. When EN tENable) Is high. shilling Is 

enabled. When It Is low. eaCh cell Is to relaln Its dalum by refreshing Itsell. 

When S'" (Shllt Irorn ...boye) and EN are bOth high. aU cells reed from above. 

and shlltlng Is from lOP 10 bollom. When SA Is low. and EN high. all cens 

read from the Tight. and 'hUllng Is from rig hI 10 lelt. Each cell has two 
dala InpulS and IwO dala Outputs. as shown In FlO 4.12. 

fN Y. DT,,, 

Ill"" ~~~..
 

j I j
 
£N S" D6G"r 

FIG 4.12 SAOceU 

So. lhe Inputs 10 SAOceU are In Ihe form «(EN. SA.. OTln.. ORin. .nd 

the Outputs are In the lorm <Olout. <cENout. SAoul•. OBouIH. The cell musl 

haYa one bll of stille. Hence. 

SAOcell· uU2."-I-1.211. U-'-1-)-<2-1-'-1-2-1-1:2-1);2)) 

- M- ,,,. "' ••, -OUlIwL luncllon. both data blls lOloul and OBout) come tram 

the .Iale. end the control bits are Just Ihe approprlale perl of Ihe Input. 

The nexI :;rar. luncllon Indlcale. thet. II ENable Is low. the alate rem!lns 

the seme. and If EN slale Is set either 10 DTln or to ORIn.Is h". Ihe 

depending- an I~ v~lue~ol =,?A. 

II we use OTin. EN. elC. to represenl the approprlale selecllon funcllons. 

and iI we consider ani., lhe data oUlputs. SADcell becomes
 

#112. 21. EN _ ISA _ OTln: ORin); 2J
 

This malfes Us 'unctlon more clear. FlO 4.'3 ahows our Implementallcn 01 

SADcell In lerma of 1:18" translator. end Inyerlera. 
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l7T~ Rf ~A lR 
Illo.I 

DBod TrJ2 

FIB 4.13 An Implemenllilion of SADcell using pass transistors 

11 vses a IWQ phase clock (lfl and jlf2J.
 

The logiC equaUons for the conlrol signals are .s follows
 

RF • -EN" 11 refresh 

RA • EN " SA It jlfl read 'rom above 

RR • EN " -SA It II read from righl 

The founh pass transisior Is conltotled by jlf2. It Is clear thaI only one 01 

lhl four conHoi signals is high a' any time. ThIs allows us 10 understand 

thl Circuli by analysing the lour cases, Using the very simple swilCh model 

of pan Iransistor!.. the lour circuils arc as shown In FIG 4.14. 



"
 

PT.j 

OL... 

DB....t 

OT. ~ 

"n
 
08.1 

FIG •. 1" The 4 possible ·conllgurellons" 01 SADceli 

All or these cirCuits tl8". Itlfo-bit 11ate. one all lOr eacll tnveTf1tr-;- AM--of 1M 

outpulS .r. Of the form • C1 • 21. ttlal Is. Ihe Inye,.e 01 Ihe lelthand ala Ie 

bit rwe tlor. In'orm.llon on lhe Input oat8 capacltence 01 Iny.rlers,) The 

four clrculls diller, however. In their tie.' sf.'. functions When RF Is high. 

"'. can see Ihat the 1'1."- sti'r. Iun-clldn Is--t-l·~or--l·2t ,Inee lhe tlQflltllrn:t 

Inye"e, I, refreshed by ttle lefthand one. When RA Is high, the n." "'ar. 

function I' 11-2. OTln) ,ince • dala bit ), ·,.ed" Inlo Ihe Input ot lhe 

tlghlhand In-rerter, Simlla"y. when AA Is h~h. lhe II." lira'. I, (1-2. OAln}. 

FlnaUy. when _2 Is high. Ihe n6rl st" • .. Ino'-2-2. 2-2]. FOIlO"lng Ihl::: 

analysl,... wrl'. SADcell as 

pllnol-1-2. nol-l-2I­

j1f2-lnot-2-2.2-21;AF-11 -2.nol-1-21:AA-11-2.DTlnJ:(1 -2.DAlnJl 
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Oltltously. we wOuld like to check thai 0"' two phase clOCk version Is an 

acceptable Imp1emenl8110n of the original SADcst!. One clock cycle consists 

01 JIl' going high lwllh "2 10wL lolloweel by "2 going high (wilh "1 tow). 

Since we know thel ,I' and "2 always havl!! this pallern. we can mOdify 

our squauO" lor SAQce" aCcordingly. We make our 'master" clock and"1
 
we essume Ihat Bach tim" goes htgh. goes high Immediately"1 "2 
allerwards. Thus. W8 make "2 "'nYlslble- and since we had the condllional 

1"~-lnOI·2·2.2·2n. we compose Inol • 2. 2) with eac~ of the remaining 

Ihue pOSSibilities. (The 2 .hlCh has been dropped lust slands lor the siale J 

SADcell the" becom8~ 

:dlnol-1-2. nol-I-2). 

nol-EN-lnOI- 2.2)· (1 -2.nOI-1 -2]:lInd -{EN.SAI-Ina!· 2.21 • {l -2.0ftn}; 

r'lot-SA-Inot- 2,21- [l - 2.DAlnJ.2J 

pllr'lot-1-2. nOI-1-21. 

not-EN-O-2.nol-1-2LSA-tnOI-OTln.OTln): 

nol-SA-(nOI- ORln.DRlnJ:2) 

which reduces to 

p1l2. 21. EN _ eSA _ OTln. ORin): 21 

This 15 our original SADcell and we have shown lhal our Implemenlalion 

using a Iwo phase clock 15 a sallslaclory one. The model 01 'he pass 

'rar'lsisior as a sImple ,wllch 15. of course. lar Irom Ihe physical realily 

HOJrlllwer. 'he mell'1od whiCh we hawe lusl used could be applied 10 many 

circuit!: WhiCh are SImple combinallons 01 Inwerters and pass transistors. 

giYlng us a new way 01 underslanding lheir operalion. 

II we wish 10 make a grid 01 SAOcells. 15 shown In FIG 4.11. we simply 

wrlle \SAOceli. 

This concludes our chapler of small eumples. In the loll owing chapter. we 

will presenl a larger cue study. Ihe systoUc correlatof. 



Ch_pter 5: C.W SWdlea: The ".In &limp. 

The Systolic CorTe.tor 

tntrodUCllon 

In ttl Is ctl.pler, we will gl...e • step by step Oerl....1I0n Of • syslOIiC correialor 

circuit. Ttl. Iln.1 circuit IS .n orthogonally conneCleo syslOIlC .rr.y 01 simple 

processing elemenl~. Wtllle Itle processing elements ttlemsel..."a .re simple. 

lhe betlllVtour of Itle circuli as a whole Is l.r 'rom ob...loul. because 01 

ttl. comple_ nalure 01 Ihe 0.1. flOw. Our form.1 d.ri....tIOn 01 ltle circuit 

c.n be consld.red 10 be • proal 01 lIS correctness. 

Belor. w. proceed 10 ttl. e· mp.e Itself. we will Introduce en Importenl Illee
 

wtllctl we use In Ih. O.rl lIon.
 

Th. Import.nc. of ·Ir'.ngle. 01 shill register cells·
 

In VlSI circuits. It Is common tor one or mar" at Itl. d.t. atr••ma 10 "!low·
 

through Ih. circuit unch.nged. The d.t. Items mo...e trom proceasor to
 

proc.stor, Interecllng with ottler oala nems whiCh cron th••r p.ttlt,
 

r 

F-_._._. 

D 

FlO 5.1 A circuli In whIch. d.'. slre.m 1I0ws ttlfOUgtl • series 01 SReells 
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FlO 5.1 Is • simple example 01 such a circuli. The dall stream, O. flow, 

thrOUGh 01 aeries 01 shift reDlsler cells <SAcell,), 11 also InteraCl, with 

el,ments 01 Ihe verUc.1 data ,lr.am (prOVided by 'il In the processors. 10 

DIVI the r.sults. The cell F can be ....rlllen es 

1~12. 2 • 11. n. 

'h. clrcuh sho....n Is -tua' 

2 • \(fJ,:.12. 2 • 11, 1]). ri", Udll. 

We assume. lor ,Impllcltv. lhat I Is a ,taleless luncUon. We wOuld like 10 

Ime~lIgale the etlecl on Ihls circuit 01 lhe additIon 01 II "lrlangle of SRce!l~,' 

--fi(t----5-.~- '''rows ",. 'AM.~w~.~I~,c:~·~,I~!~_~~~__~~ ~~_ 

I r ~ 
D 

ii' I 

f 

FlO 5.2 IIrl.ng· 2 • \1(1'(2. 2 • 11. rn • 17. IIdlJ 



We call Ihe I'&engle of SRcelts Ilrlalng whera
 

lIrlang • 11. :!. _ NI = ISRN-l • 1. SRN-2 • 2. SRI· (N-ll. N]
 

(SRN • SA • SAN-l SR (C::::::t. SAl) = 1£12. lJ)
 

let us assuma that our Input Is Ihe slream '-:1. 112. 113. . .'. Then. FIG
 

5.3 Is a ""eeze 1rame" of Ihe circuli In aCllon. with Ihe arrows labelled 

with values. 

r 
r. 

b 

f 

f(r,,~nr,) 

FIG 5.3 Snap-shol 01 Ihe circuli In aclion 

While the origin., circuil. ~ • \F • fr. lid!!. gl...es .s Its outpll: 

(fCrI. lIn+1> Ilr2. lin":?>, IIr3. In+3). IIr ... lIn+,,)). 

the new circuli g"'e~ 

(fCrL Jln-2L ICr2. lin). I(r3. In+2), Hr ... lIn+")' 

The Inleresllng point 10 nOle Is Ihal Ihls outpul depends on ellernale InpulS. 

Thl~ Is DeCause. lor e...ery element 01 Ihls output. .., heye doublec the 

number 01 SRCelllt through which the rele....fll d.te musl pass. For ellample. 

the I. Input 10 (he lellmost processor p.sses Ihrough 3 SAcells. ancl the 

addition 01 IIrl.ng forces thl C1ulpul through 3 more SAcelis. 
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II we again freeze our CIrCuit afler one more clock cycle, we find thai the 

relevanl OUIPUIS are 

clCrl. l(of2). fCr2. lln+3l. I<r3. lln+"}. /(r4. xo+5») lind 

tUrl. Jln-l). Ur2. lln+l). I<r3.•0+3L Hr•. 1l0+5)). 

So. II can be seen Ihal Ihe circuit wllh Ilrlang Is nOl )Usl 'gnorlng every 

second Inpul. II 'lakes account of" all the Inpuls. but. fOr .8 given output. 

the relevanl InpUiS are 'two lipan' In Ihe Inpul Slream. In 1he next section, 

w! ""ill formalise Ihe~e Idea!:. 

Slowmodels: a predicale about clrcullS 

The 'tlnclion ev2 take:; every second et!'!!I!~.':'J_ 01 a sequence or lisl. I.e. 

II gives the flrSI. third. lIllh, seventh.... elements. We ~ilV thaI 

I slowmodels g !!
 
e~21F : clll.yl.112.y2 ...lln.yn •..)) t G : ev2(CJl1.yl.:Il2.y2 •..11n,yn ... ))
 

'Wtlere F ... M{I1. G • H«ol. H Is our ·meanlng funcl/on-.
 

KnowIng Ihal I !Iowmodels g leUs us Ihal. II we are trying 10 Implement 

g. f ·wlll do' provided we ere willing 10 Inlerpose a -don't care· behveen 

each of our Inputs and 10 have a "don', cere· Interposed between ei!ch 

01 our OUlpUIS. Some theorems Ilboul ,Iowmodels are : ­

f slaleles!: 0= f !Inwmodels f 51 

SR2N ~'o",mOdels SRN 52 

Since Ihis !eem! almost counier-iniullive, let us lake an ellample. 

'" HISR2N) : (xl, yl... :m, y"' ~ t?,~~, xl. yL xn. yn> 
....... -._ .._._-­

"(SRN) : (xl. fl, .. xn,lI') • (1. '7. '7, , , 1: xl, .-2. xn-l. xnl 

So, e~lMISR2NJ : Q1.yL.m.yn' .. M(SRNJ : ev2«(xl,yl. ..xn.yn)). 
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I elowmodel, g '" h slowmodels I .... , • h elowmOdels g • I 53
 

Proof:
 

Assume ev2(F : <xl. .n... ~) • G : ....2{<:Ill •..•n.•.»
 

.nd ev2CH : c:.l.. .n. .1· J : ev2(ul, ..•n...»)
 

Then. 0 • J : ev2«x1. xn. .») ..
 

G : .....2fH : <.1. .n. .») .. 8...2(F H q1. ....n...» 

I slowmodels g II tI slowmodel, I ~ II. hi slowmodels 19. 11 54 

I slowmodels g - /I slowmodels I" (for bolh j\. and ;t'll 55 

Flnalty. r.turnlng 10 the example 01 the previOus section. we lind lhat
 

nrlan,,-2-'hIl2.2-1J.lJ • ["r.C1dlJ slowmOdels 2-'hIl2.2-1).fJ • 17.lId1l.
 

PrOOf: 'el r" Ifl. 72. . "iN)
 

",lang· 2 • \1,..12. 2 • 1). Q • fr. IIdlJ *
 

ISAN-l·f • C71.SRN-1l. SRN-2·' • rn.SAN-2L..I • f7N. (ldJlJ ..
 

(SRN-2 • f • (71. (ld)). SR2N-4 • [72. IIdJl.. .I. fiN. (IdJlJ 

~ td;d2.'· ---1h---Q-- r. ,,,11 ..
 

(I • m. SRN-l). I • 1"72. SRN-2J.. .I. (tN. lid])) =
 

(SAN-l • I • I", Odll. SAN-2 • , • rt2. IIdll. or· ItN. (lllIJIJ
 

r -SIa1eless- - f ~ ~ . ..Jidll slOwmqdels '=. Jrl~ II~II for any I 

SR~N-2 slowmpdels SAN-l 

So. SR2N-2 • f • ('71. IIdlJ ,lowmodel, SAN-l • f • Ill. (Idll. 

Similarly. 

SA2N-4 • I - 172. IIdll slowmodel, SAN-2 • I • 172. IIdll and so on. 

Thus. 

Itrlana·2-\(~I~.2-l).11 • IT.CldJl slowmodels 2-\(1l12.2·1I.n • l"r.UdlJ. 

ThiS resul1 concerning the addlUon 01 "Iell triangles 01 SRcells· 10 cIrcuit!> 

01 • parUcul.r form will be surprisingly useful In 'he example which t(lIIOwc. 

http:2{<:Ill�..�n.�
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The SplOUe Correialor 

WI .anl 10 campul. 

N-l 

CUI .. Nt • J::,m "01+1) 

• 0 

That Is......'1" 10 caltulale 1he scal.r product 01 r wl1h each 01 the N 

."ment I"bsec:llonl 0' the--Qala a'ream d. U we think 01 Ille reference Inputs 

a, being single blls. ltle" .e .r. Checking each subsection Of the dala 

10 se• .,hethe, II II 01 • partlculer lorm. Only numbers In .he columns ....hlch 

Inleresl us .111 conlrlbul. 10 the IInel sum. This lorm 01 correlallon Is used 

-"'--aJp&l-prac...lng. '0' .v,mp'e In tbe rpcognWon 01 radar "'goals 01 " 

Cerlaln lype. W••r. usumlng. for simplicity. Ihal Ihe relerence Inpuls are 

constant. Our Ilrst ."amp' Is the circuli shown In FIG 5.4 

FIG 5.4 A circuli which computes /L. ... 2 .. \Xc ell • r-r. IIdll 

In Ihls circuit. .ach 01 the Xcells Is 01 Ihe form 

~ 
• 11£12. 2 ... 11. -, 

wlte'•• Is slaleless muillpllcallon. We use N such cells 10 shUt the data. 

G. Kross the cIrculi anG to Go 1he necessary mulllplications Ir(lJ . d(k+n 

In 'he equauonJ. The ft.+ adds up Ihe N resulls of lhese mulllpllcallon~. 

Ttle N till wiGe relerence data .re constantly red In at 'he lOp as shown. 
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ThIs circuli. although II 'ullUs our specificall on. Is not suitable lOt 

Implemenlallon on silicon because It US8S .!II large stateless adder 10 gl'0'8 

the result. This means mal. In each clock cycle. some signals have 10 travel 

all the wa" acrosa 11'19 Chip. We would like to use two Inpul adders with 

slate so thaI. In each clock cycle.• given signa' need onl'l lravel ,he 

short distance between adjacent cells. This would allow us to operate Ina 

circuli at • higher clock f8le. These +cells are 01 Ihe lorm 

B~ 
SA • + 

Now, we must find • way to Introduce Ihese cells IntO Ihe circuli w"houl 

uputtlng 111 semantics. Obviously. 

A+ A+ • apndl • n. IdJt 

~lnceO+lt=lt 

So. we CIf' In',OCIues an "Inlllallling zerO· wilhoui dllllcuU'J. However. lhe 

Introduction 01 the SAeells Is more complleall,d. In FlO S.S. w8 shOW lhe 

,floCl 0;;- M-Or-Ihg addition oj 5DcC6sshe SRcau.. 



.. .. 

If
 

II

 

If
 

11
 



Th. translorrnallons are based on Ihe laci lhal having an SAcell on lhe 

output 01 a stateless lunclfon has Iha sam, eneci as having SAcells On 

a" of lis Inptlta. SurprisIngly. we find that a ·rlght Itlangl'. of shlfl registers 

Is Introduced. 

rlrlang • 11.2..N) c 11. SR • 2. SAN-2· (N-1). SAN-l • NI 

SAN • /l+ ••pnnl • rD. Idl • A(SA • +) • apndl • rD. rlrlangl 

Proof: 

I ~Ialeless -

SRN-l • Ilf • 11.2..N) • SA-SRN-2 - AI - 11.2.. NI 

SR - t - ISAN-2 • III • 1l.2...N-ll. SRN-2 - Nl 

SR-f - (SA-I· fSRN-3"AI .. (1.2... N-21. SAN-3 • N-ll. SRN-2 • NJ 

/llSA • n - 11. 2. SR .. 3. SRN-3 • N-l. SRN-2 .. NJ 

Therefore. 

SRN - /l+ ••pndl·IO.ldJ • A(SROo+) - apndlOon.rlrlangl 

So. we now know thai 

SRN • 1\.+ ••pM! .. n. 21 • \Xcell • fr. IIdJ) & 

I\.(SA-+) • apndl"!U.rlriang""21 "" \Xcell - ('.lId)] 

·--------.nOll'le-----etrtutt- -.ttown-ttt- FlO UI gee. tbe r.a.qu.l.r.ad.......orHilatl.Q.!'. 1_'_"'" a,. 

wltllng 10 accept Ihe lael thai Ihe Circuli lakes N cyCles long.r 10 produce 

Ihfl first result. 



74 

o.~ 

FlO S.! Our aeconCl al1empl: • cIrculi In which all cells h ..... Slate 

Th' triangle 01 shlfl regl,le" I" ho.",ever. an embarrassment. lei us remOlle 

11. From en .8rlle' aBcllon. W8 kno.... thel 

11rl.ng • ~ • \Xcell • rr.[ldll slo"mOClel, 2 Xcell .. (7.[ldJl an(l 

SA2N • A+ .. apndl'"n.ldl slcwmodele. SRN A+ .. apndl-r'U ,Id!. 

Thus. 

SAN '"l'ltSR'".)" apndl'"ru .rtrlangl slawmodel, !'leSR" +1· apndl'" ru ,rldangJ.
 

SAN" /lISA·.) .. apndl'"!U.rlrlangl .. Ilrtang'"2'"\XCell .. rr.lidll
 

slowmoClele,
 

AlSR'".) .. apndl'"n.rtrlangJ .. :? .. \Xcell .. fr. lid II an(l
 

SfW .. /USA'".) .. epndl'"ra.SAN-lI .. 2 .. \Xcell .. If.lIdlJ siowmodel~
 

SAN .. 1\.+ ...~ndl·111.2J .. \Xcell .. ri".lIdJl fel. FlO 5.7J
 



n 

D.~ 

FIG 5.7 Ca) slowmodels fb) 

The circuli on the left has the kind of regular layout that we were lookmg 

lor and we can Improve II further by -moving" the bank 01 shift regis1ers 

,'lfSA-+) apndl-n.SAN-lI :I: SAN-l - A(SA-+) • apndl'"n.ldJ 

SA - jUSA-+) - apndt-(c.21 - \Xcell - rr.ldl slowmodel~ 

SA - /l+ - apndr-.o-Cr.-tt- ~\XeeH=-·=lr.=-ldl 

This equation tells us that the circuit shown In FIG 5.8 can be used 10 

Implemenl the required correlaUon lunCllon provided Ihal we are willing 10 

InlArpose a "don', care" betwee" each -Input and to have a "don'l care 

Interposed belween each output. 
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....~t 

FIG 58 A S'f~IClIIC corre1lllor 

In ,~os, applications 01 correlelion. lhe reference inputs are one bll wide 

buI the data stream land hence Ihe re~ull stream) may be severel blls wide. 

We would Ilk" 10 refine the cells usea In FIG 5.8 down to the bll level. 

The circuli Is lust a siring of cells or Ihe lorm shown In FIG 5.9. 

P-. Po,t [p.[2.1'"1l. SR'". '"1--rl1. 1).211pwtilll fU,'1 

FIG 5.9 The correia lor cell 

Since the reference Inpuls are only one ~It wide. Ihe lunclion 01 Ihe cell 

sh~n reduces 10 

1$1(2. 1 .. 11. SA .. + .. Fi --- 1; U. 211 

That Is. because Ihe reference Inpul Is always eilher 1 Or O. we no longer 

ne,d the multiplier. The new luncllon 01 Ihe cell Is clearer II we lranstOrm 

the IlFP ...presslon slightly. 10 give 

($1(2. 1 .. 11. SR .. (71 - + .. II. 21: 2lJ. 

NOWt'. It can be seen thai Ihe cell'~ main lnk Is 10 perform tile galed addUlon 

of Ihe dala word 10 lhe partial result 
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11 wOuld be nice 10 reduce Ihls cell 10 8 verllcel array of simpler cells. 

each of which deals with one bit 01 Ihe dala word and one bit 01 lhe partial 

resull. We already know how to 8tU' fWD M bit numtlers. using a case.Os 

of lull adduTs eel. FlO ~i.101 

~;" .,
sum fa b~

". ~ c.arT!t out 

'a ~ Ixo,·I1,lo,·2). lor-'and-2.J.or·!and-111-2J..nd-I1.2-21111 

sum • 1 • "I • lIa). zip • 11. 211 

FlO 5.'0 Adding 1'111'0 M bit numbersuilng ,.,lUTT ---.-dl1ers-­

In our cell. we mur.1 perlorm the galed addlllon 01 IwO numbers. so we 

mUSI pass Ihe relerence Input down through our '1erHesl array. and do • 

galed 'ull-add Ilion 81 .~ch 51.ge. ;(ls6. we mli!ll lJ8$~ the - d818 worlt (and 

hence each bin Ihrough III latch 'A lhe nexl cell. This leads us 10 the ~ar"cal 

array 01 primItive celt!; shown In FIG 5.11. The number 01 Scells must be 

big enough 10 hold the largest possIble result. 
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d..l~1 I } 0, op... 

r... 

r~ ;; 

d.l,b 

d, 

P, 

d, 

P1 

G'd' 

Jnlb S 
Pj 

1 I 

Cc:.t Ll 

FIG 5.11 tmpUlmenllnQ Ihe correletor cell 01 FIG 5JI usIng more prjmllive 

cell~ 

_ t.
fa? = ((1 .. (2 .. 1. 12, 311: 12, 31). 1 .. 11 

Seell '" (SR 2. SR 1 .. 1.1. 12. 2 .. 11 .. 1.111 

• (SA .. 2. 9R .. 1 .. 1 f.? 11"1. 2"1"'81711 

CUll so \\Scell .. ([(n. ou. IdJ 
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f.~ performs Oared full addition lor Inputs of the torm «rln. eln), din. pin). 

II also passes the relOrence Input It"trough fl. 21 • Ceoff has the Same 

function a, our original correlator cell (ct. FIG 5.9L However. Ihe cltcull 

~uflers trom the :!Jame problem liS our tits I 811empl al the systolic correlatOt 

as a whole. We fl8"'8 connected logether a aeries 01 stateless gated full 

adders and so. ~ome 01 our signals musl cover long distances In one Clock 

cycle. Ideally. we would like.!!! of our signals to be latChed. as shown In 

FIG 5.12. 

rL'" (i_ 

= ~lF 
p;" 

FIG 5.12 Fee"· ISA-'. SA1·l·1-la? (SA-l-1. SR-2-1-'.?)} 

In a previous section. we analysed lhe olteel 01 replacing r by SA • f In 

I'd. where I Is stileleu Id. FlO 5.51. In this case.....e are concerned with 

\ ralner than with A. FIG 5.13 Illustrates an Important equivalence and FIG 

5.141 Indicales how n may~be=- proYed by lnCWc@n-'. The resulls trom Our 

analysis 01 Ihe \ cII!>e are sul1icienl lor our purposes. as Ihey can ea!>lIy 

b(lt ell:lended to ttle \\ case. 

r..- tOIl 



."
 " !" w
 

;;
 

oil ..: en " z · '" ., 
\I 

'" ~
 en " · '" · 'e ;;
 

0 " · ~ 
.. 0 



, 

1\ 

Z
A

'­
~
,

 

/
"
-
.
_
-
.
.
,
~
-
-
-

C
i 

w
 

a 

d 
.i
 



62 

In this case. we wanl 10 replace Ihe Scells 01 FIG 5.1' by Ihe Fcelts 01 

FlO 5.1~. By anelogy wllh Ihe e...mple shown In FIG 5.13. we lind thai we 

musl Inserl triangles 01 shill registers. as shown In FIG 5.15. 

r, ~ fL I tl' 

_~fF 

= 
------>l,[iJ, 

F'G 5.15 An lIIustraUon of the elfecl of changing from Scell 10 Fcell 

Th~ rather daunUng dlagrem merely Indlcales thaI. II we want 10 use celts 

In -.hlch .!!! Ihe signals are latched. we must be willing 10 present the dala 

an~ partial result InpuI~ 10 lhe 't'ertlca, erray 01 cells In IIme-alll,ew format. 

Thll Is. the bUs 01 Ihe data and result words must In some sense. be 

passed through rtrillngs. ThIS causes the bits 01 each word 10 be presented 

In auccessl't'e CIOCIll, perlod~ (~tarllng with the leul slgniilcant bill. This 

mllhod of presenting inpuls 10 a circuit is Commonly used in systoliC arrays 

lhe diagram a'~o Indicales Cby the presence 01 Ihe rlrlangs on the lellhand 

sit:!,) that 11 we Insert the exira latches. we musl expect the OUIPUI~ 01 

the vertical arrey or cells 10 be lime-skewed. Nellher or Ihese results Is 

very surprising. and nellher presen11 any difficulty when we combine se't'eral 

coll.mns or Fcells 10 malle our final correlator circuit. 
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cI.tli 

l"tS... lt 

FIG .5 16 The SYSlollC CorrelatQr CirCuli 

II we Input our dala words In Ume-skewed format. (hen Ihe skewed (lata 

froni thus created moves steadily across the clreul Irom right 10 lel\ II 

Interacts .1Ih Ihe partial resull data lront. which Is trawelling In Ihe opposlle 

direction. and whIch Is .'50 skewed. Thus. OUf results are prOduCed In 

1Ime-skewed lormal. 

We must also remember lfiat the Cllted which ·....e--ha 8 ".fined-can Dj!! u~ed 

to Implement the required Correlation funcllon only If we are wllllnQ 10 

Interpose 8 "don"1 care" rJelween eaCh input. and 10 have 8 "don', care" 

Interposed I)elween eaCh oulput Thus. our circuli prodUCes resu/ls 81 half 

the circuli clock ,ale. 1I sl10ulif fl-e- nirtea- 11'ta1. thrOtJOhOUI Ihis analysis. we 

have assumed 1he exisTence 01 an implicil masIBr-clock. In a real circulI. 

a 51ngle Clock _ould De used 10 conlrol all Ihe cells. 
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CQIIIclu$lon 

In Ihls chapter, we have Introduced 1'1'110 relaled concepls which are useful 

In lhe d.slgn and 8n8~ls 01 dlgllal clrculls. The concepl of "triangles of 

sh~1 ,eglsler cells· Is 8 remarkably po.....rful 1001 tor Ihe analysis of lhe 

behaviour 01 regUla, arreys 01 Ielenlleal cells, The predicate slowmodels 

allow, us to analyse circuli, In which only 50" 01 the processors are ".ellv." 

al any given time. SUch clrclt!ts lI'. common kt VlSI and we now ha",e • 

mllllns or showing Ihal 8 circuli 01 Ihls type Is 'sulliclenl" 10 lullil • given 

splcUle.Uon. prOVided Ih81 we .,e willing 10 have Ihe necessary "CIon', cares' 

In lhe Input and outpUI slreams. 

We hav8 used both lhese techniques 10 derlv. 8 simple systoliC array which 

'mplemenls our correlation function. SystoliC arrays can be used to Imp1emenl 

rn.ny useful luncUons such as matH. mul1lpllcallon. pallern-malchlng end 

mtny signal proceSSing luncllons We have shO'l¥n thai ~FP can easily be 

. us.d nol only 10 describe such clrculls but to reason aboul (heir behaviour 
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Chapter I: The slmul.tlon .nd layoul programs 

The Ilf:P SlmulalOf 

Inlroduction 

Thp. denotalional semantics 01 J:.FP. given in chapter 2, can be considered 

10 be a 11inCIionai program We simply code IJP !he meaning luncllon. M 

con~IOerin9 the eight CB~es given by eQualions I - VIt1 This gives U$ a 

'ecur~,ve funCliOf) ....hose b,::,se case or esc~pe clause IS eQuiH,on I 

i e f stateless = H [I D '" al. 

In all olher cases. Ihe lunction calls ilsell recursively. The meaning "1lJnclion 

Is • hIgher order funClion because II "likes I ~FP p10gram ana prOduces 

an FP program. which is Ilsell a hmcllon. II we give this FP function our 

input sHearn. it Will calculate the corresponding OlJlpul stream, givIng us 

II SlmlJ'"lOr A COlleague. John Hughes has ....rlUen a pFP Inlflrprelp.r In a 

purely funcllonal language, UspkH lisp (Henderson, Jones, Jones 831 

We have. however. chosen 10 Implemenl lhe operational semantics 01 .u.FP. 

In ---Pif~at:-lJ~jllg a Tainly 'unctional slyle We hope~hat considering (he 

operational ralher than the denotatlonal semantiCs 01 1l1e language "llJuld 

increase our unClelstanding 01 11 Also. we wanted \0 combine the SImulator 

Wllh a layout program ....h,cr ....<lS """llen In Pascat to lake advantage 01 Ihe 

~Illy 8V,1l1;Jt)Ie- HmC#on-at r~omelr-¥. ;I!!pl~meptatlon. 
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Thl Puca. tmplemenl3110n of IlFP. SIMUFP 

The lirst Input 10 51MUFP Is the IlFP descrlpllon of the system which we 

wish 10 simulate The description Is Input In abstract syntax form and II 

encodes II Iree structure. For e.ample. If • g. " - /; kJ Is represenled 

by Ihe Iree shown In FIG 6.1. 

c.onslru.c.1 

// ~ 
c.e"'pssQ lOAd 

/ \ / 1\ 
f .9 h J II 

FIG 6.1 The abstract syntax tree lor II • g. h - I. kl 

For ••eh combining lorm. there is a Pascal funellon whose only lask IS 

10 «Instruct Ine corresponding abstract syntax t,ell. For exam pte. the luncllon 

tor composillon (-) I~ 

lunCllon composelpl.p2 muprog) muprog:
 

va' p muprog
 

begin
 

newlpL 

wilh P'" do begin
 

lI:=pl: Ir:=p2; lag:=lcompOH en(l:
 

compose:=p
 

end:
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This lunclion lakes two abstract ilyfllC!;t; trees (Or muprogsl and returns Ihe 

Irf3:e represenllng ,hell' composihon. When using p... the user must provl\fe 

the initl81 slat~ anlj this Is encoded in the appropriate node of lhe tree 

This ~s because ,,,.e shape of the slate of a Il cannOI always be deCluCe<1 

from the conlelll. 

The abstract synlall Iree constructed In thiS ....ay Is then translormed. usmg 

Ihl'! inlrHmallon c::oniarneCl In the "'sl Input 10 the ~FP program. to eliminate 

all us and I~. A ~FP program containing as or Is cannot be ·soIICll1len­

Into liS linal lorm unlll we kno.... the shape of liS inputs Thus. al represents 

11-1. ,- 2. '·31 lor 3-el~menl Inputs. and II· 1. f· 21 lor Inpuls which are 

pairs. ILl represents '"'''"'11.21.3J rOr 3-elemenl InpulS. and f lor palrs The 

funclion Irans lake$ a Itee and an Inpul and replaCe! all as ano Is by 

thft appropriate combinaiions 01 conslruclion and composition Let us take 

some examples to shOw how Irans works. T represents lrans 

TREE INPUT TMNSfol:tMED TREE 

ton!:ltntd 

Cllpha --------7'- t--=---= 
I <il) tl, -_':n> Tlf,i,) TII,it) ... Til, to) 
I 

, ~ 

tOl"lposi. c.omposlt ­

/ \ 
/ --­f 9 T (f, appl~. (TI~,,),,)) T(g, i) 

c.onsfrlK! 
lon)f...""t 

/ \ , /"-.
I 9 1 If. i) Tlj, ,) 

FIG 6.::! The ellecl of .!!.!!!.! on abslract SyRia.. tree! lor G.• lind 11 
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For lit. the ',anslorm.Uon relleets the 'act Ihal 0:1=11-1.1-2, .f-nl lo~ 

n-8I8m'nI Inpuis. We must call Irans recursively on each 0' Ihe elemer,iS 

01 till, new construcllon as I might. liseIf. conleln as and Is. Tran510rmlng 

co,.,.,ouU.g) ",lIh Input I I,. slightly more complleeled. The resu/l Is a 

composlllon whon right branch Is tren, Ig.l>. The left branch must be Irans 

of I wllh some input. To calevl.1e Ihal Inpul. we compule the QulPUI which 

liars. Ita.!) Dives lor input I. __u.s.ing IheJuncUon ~~ lakes a 

Ira~~to'med lree (or ,.:FP program) and an Input and compuies the 

corte.ponding output. II will be dncrlbed below. So. the lell branch of Ihe 

conposltlon Is Irans Cf• .!..2I!!IQ (!!.!.!!! cg. II, III. IS sho.... n In FIG 62. 

------------._­

In _ conslrucllon. each of the elements receives the same Input and so 

we transform each o. them with thai Inpul. Similarly lor the condilional. 

",Ins lcondlp. f. g)) • cond (.!!..!.!:!.! (p. n. Irans fl. O. Irans (g. m. 

FOI basic luncUons (e.g. and. 0'.•1. lhe selecllon lunclions and conslant 

'unctlons. Irans (I) ., l. FIG 8.3 lIluslreles ho...... trees 10,. p. and '" are 

t,.,slormed. 



89 

TREE IIJPuT lPJINSFORI'\(J) TREE 

/ 
{ 

IftU 

;~.itlDl ~ ,"0\ , 
mu 

/ '- i.il';'l .bl< 

T(L <',i.il~I.~) 

.Iosk 
I 

(i) 

(,<i,d,o. 
I 

(und,on) 

f 

--r / 'o~r­
(il, .- ~"'> / '\ 

f (onslr"d 

/ " 
tOMpos" 

/ "­
sloshr Il 

I 
f 

FIG 6.3 The elleci 01 lran5 on abslraCI sy~lfr1Or,a----and 1ft 

for Ill, we Ir~510-"1'l -' nOl o=nlV ~wll~ th.! Input _i. but WlIh the inplJlllnilial 

sUHe pair The transformation lor /R relies on the FP definition 

~l : <rl = I. ;'Rol ex!. .n, = I (II. /AI eXl. .n,>. 

It i~ Irealed analogously. 
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For seteclion lunclions and bll!;IC functIOns . .!.2£!l Cl,O 15 Just Hi>. These. 

tOO.lh8' with the constant functions, lorm lhe leave, 01 our tree. ~ calls 

Itse" recursively. as shown. unlll ell 01 the leaves 01 the tree have been 

,e8c~.d. and the Ol.l1pUl Is known. The lree Is uplfeled only al the'll nodes, 

whef! the new Slale, 2 AU. <I. old slale}}, overwrlles the old ,Iale. 

We I\lIve. In ell,et. conslrUCled • very slrnJtI.L {I~_~8 flo~ machine. through 

WhiCh .... pUSh our InpulS. one at • time. An Input ClIn change the machine 

In IIlal il can cause the slale slored 81 IL nodes to be Changed This 

comnuouSly changing machine sfmula1es Ihe circuli represenled by our /lFP 

••presSlon 

Thul. IlFP can 8aslly be Interpreted In eilhe' 8 funclional or 8n Imperative 

languaoe (wllh records) to give a sImple logic level simulator. The simuialor 

can be us.'ul when wrlling Ihe orlglna, high leval specilicalion or when 

desl~nlng cirCUli lutl-blocks. U should be used U an aid 10 formal reasonIng. 

r.ther than a, an allPornallve 10 II. 

In !he following section. we will descrlba a program which lakes a ,lLFP 

expression and a sample Input. and plOis Ihe usociated -rloor-plan", USing 

the geometric Interpretallon of the combining lorms 
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The IlFP floor-plan drawing program 

'niroducllon 

In chapter 2. we gave a geomelrlc Interpretalion lor eaCh of our comblfllng 

forms. Thus. every p:FP expreSSion nol on". enCOO85 8 parllcular semllnlles 

but also has a partIcular lIoor-plan or layoul IISSQClllledi wllh II. This very 

simple relalionshlp between the semanlle and geometric Inlerprel.lIons of 

a IlFP expressIon Is an Imporlant 'salute 01 Ihe language. Many Integrated 

clrcuH de!..gn languages capture informallon Aboul either layoul or semantiCS, 

bul IlFP allempls lQ Inlegrate Ihe IWO. Two IlFP e:lpressions with exactly 

the same semanlics may have very dlllereni !Joar-plans The hall-adder 01 

chapter:? 15 a very simple example 01 Ihl!;.. The systolic correlator description 

01 chapls, 5 contains some more compllceled examples Of circuits which 

have diller~nt layouls bul the same behavIour. The simulator descrlbed In 

the previous section "implemenls" the semantics of a Jl,Ff' expression. The 

program described In (his section plots the geomalric Interpretation ot a 

Jl.FP expressIon (on a Hf' plouer). The program uses Funclional Geometry. 

whIch Is a vp.ry simple way ot describing piC lures. We will !Irst give a brief 

IntrOduction 10 Functional Geometry and Ihen we will describe the program 

nsall. 

" brlel descrlpllon of Funcllonal Geomatry 

Functlonal Geomelry (Henderson 82. Sheeran 811. which was IIrst propo!oed 

In (Henderson 801. allows us to de!;cribe pictures easily and readably. using 

a small set 01 geometric lunCllons. We construct our pictures uSing these 

lunCllons and so our lunclions take piclUres as arguments and produce 

pIctures as results The available lunctions are above. beside. roHatel. !.!!..Q 

and O'terlay. FlO 6.5 shows some examples of how pictures are combined 

to make more complicaled plClUres. The numerical .rguments to above and 

beside give the ratios 01 Ihe picture helghlS and wldlhs respectively. So. 

In aboye (3,1.p3.p2J. Ihe p3 part Is three limes as lall a" Ihe p2 parI. 
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The basic plClures. whiCh we use as bUilding blocks. are crealed using lhe 

lunclion ~ Grid 8110....s us 10 speclly 8 picture by giving two Integers, 

m and n. and a IIsl 01 IIne5 which are 10 be placed on 8n m by n grid. 

Each line Is represented by 8 list 01 the lorm <xl yl .2 y21. where Ihe 

coordinates 01 the enO polnlS of the IIne5 are <xl ylJ and (..2 y2L 

Once ....e have conslruCled our picture wllh these geometric lunclions. we 

cen give tI ils IInal shape and size. usIng three vectors. 8S shown In FIG 

6.6. 

'I~ .. 
f8 Co,b. t) 

f8 (d.'. () 

FIG 6.6 Giving plclures their IInel shape and size 

Our Pascal Implementallon 01 Functional Geometry ha, baen u.ed 10 lay 

oul 8n aClual Inleg'81eO Circuli, 8S descrlDed In Appendhl A. Our floor-plan 

drawing program uses lhe S8me Functional Geomelry lmplementallon. and 

50 is ....rinen m Pascal 
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The n~-pl• ., <lr.wlng program. OEOMUFP 

In chapter 2. we gave a simple geometric lnterprelaUon lor eaCh 01 the 

contllnlng lorms. The aim 01 GEOMUFP Is 10 use this Inierpret.Hon 10 

pro.1uce " floor-plan lor a given ItFP eltpreulon. Earlier In Ihls chapter. 

W8 showed how any ItFP e.presslon can be represenled by 8n abstract synlall 

Iree. We also showed thal. _hen we give " sample Input fOr the CirCUli 

repr••enled by Ine expressiOn. we can lransform the abstract .eyn181t Iree 

10 Qel rid 01 all lIS and Is. We use eXl!IcUy the same technique lor the layout 

prOGram. What we wish 10 'plot" Is the transformed abstract Syn1811 Iree. 

ThlJS. we are plaulng the IlFP expression lor" particular Inpul. We C8nnol. 

1n__ ,enet.aL_draw a floor-plan of • circuli unless we know (he type 01 IIs_ 

In~lits. The !I00r-plan program deals only wllh simple IJ,FP (as described 

In chapler 2) and so the combining lorms In queslion ere composilion. 

corslrucllon. condlllonal. constanl and mu. 

Aelllrning to FuncUonal Geomelry. II Is Inleresling 10 n01e II1al a picture 

ca" be represenled as an abSlracl Iree. wllh lhe basic pictures crealed 

u~lng .R!!!! et lhe leaves. For ellalTlple. the picture plO of FlO 6.5 has lhe 

abtlract s)'n.... tree Shown In FIG 6.1. 

b••id. 
/ I~ "'­

abo.. owla~ 

/"\ / "'­
abo,. p, P1 ro\ale. 

/"\ I 
Pg PI F2. 

FI() 61 The abslraCI s)'nlall Iree for the plClure plO (el FIG 6 5) 
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The abstract synu... Iree 01 • ~FP l!tllpr8sslon can be (hought of til!: 

represenllng • plClure In a slmlllir wily. The leayes or the tree. which are 

constant luncllons or bastc luncUons. .re represented by boxes with 'he 

lunellan name Inside and with 'wlres' Inached 10 represent the Inpuls and 

outputs. One wire carries one alom. which could be e boolean yalue or 

• large Imeger. depending on the types used In the ILFP expression. Selector 

lunellons. which arB also leaves. correspond 10 wires. The lIoor-plan Is 

melnt to be abstract and wires are represented by Singre lines. Howeler. 

users are ukea to give wiath and heigl'll 10 lhelr basic lunctlon boxes. where 

the unit 01 measuremenl is the wiOlh needed by .. Single wire. A "1 by 

2" AND gale Is drlwn a$ shown in FIG 68. 

I 
,-.......
 

B }2 
FlO 6.9 A 1 by 2 AND g8te 

A , by 1 AND glle would' nOI be allowed oII!I there wOuld not be enough 

"room" lor both Ihe inpulS. All our basic pictures have an assoclaled wld'th 

J hOlghl pair and. In any plOI 01 a cirCUlI. a partIcular basic luncllon al\ll'aY6 

has the sama shape and' size. This allows Ihe user to gaIn some lnlormlltlon 

about the evenlual shape and' size 01 the cIrcuit. II Is more realistic Ihan 

/he altern alive ap~tOaCh in wl1ich lhe Circuli Is mad'e 10 1111 all the available 

~pace. somellmes causing lhe same funcllon to be represented by bOlles 

of widely dillerenl sizes 
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No' thai .e knoW' how to represent the le....es of Ollr tree. we can consider 

Ihe combining lorms 8t the nodes to be geometric functions which take 8 

number of pictures end produce 8 new pICture. The analogy ....Ith luncltonal 

g8(1meirV conllnu8S ....hen we consider function composlUon. To plot I • g 

wlH Inpul I. we PIOI g wtlh Input I and f wllh Inpul g:1 and we place the 

two pictures beside each other. 10lnlng up the lines In the middle lcf. FIG 

8.9L 

f -s 
-·:tlB 

pIolif.~(')) plot(g,il plot (I'S , ,) 

FlO 6.51 Function composlUon - pictures are placed beside 8ach other 

On (he other hand. construction causes pictures 10 be placed above 8ach 

other• .!lIS shown In FIG 6.10. 

t 
1-+----, 

~~ n 9 

plot!!, ,) plot(g, ,) plotf [1,91, L) 

Fl(i 6.10 Construction causes plClures to be placed ~ 8ach other 
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The Inpuis musl be passed 10 all lhe elements 01 the construction For Ihe 

condlUonal. (p - I: gl. we make a cons.ructlon 01 the pictures for I, p 

and 0 an" we us-a a s.lleh "box" 10 represent the choice belween the outputs 

of I and g. "ependlng on lhe output 01 p_ 

psw 

9 

FIG 6.11 The plOI lor (p _ 

The lasl remaining combining form 15 Il. To plol 1t1. we plot I and then 

pass the second element 01 the output through a "'atch" 01 the appropriate 

,IZ8. Inlo the secont! element 01 the Inpul. 

I: Ol 

f 

_~ fl" '"I 

pJol(fl {l',ll)) 

plot< ,..f, i,) 

FIG 6.12 The lIoor-plan lOr ILl 



100 

The selection functions are represented In the obylous way. FIG 6.'3 gives 

sOtrllt 8ltamp1es. 

Jhd 

]u }3 

2- hd 3 

FIG 6.13 The ssteel Ion Junellan, pass on the appropriale wires 

So. a ILFP llJ.pression can reprosent a plCIure, Ttle leaves 01 Ihe dbslraCI 

.yn~a. Iree are limown piC lures whose widths and heights are known. We 

COl'llblne Ihese plC1ures. using the geomelrlc Interprelalion of lhe combining 

torms. 10 build up a picture 01 the tinal circulI. 

To facilitale (he connecting 01 wires. every cirCUit plOI Is represented by 

thr•• Functional Geometry pictures, IwO edge pictures Showing the Inputs 

.n~ outputs and e main picture showing Ihe CirCuli 11'811. The edge pictures 

he", .5socilliled wilh them Inlormallon about the type 01 the Inpul or output 

ant they ",emomber" ,he edge piC lure, from whiCh Ihey hav& been 

cor,uucted This information I' u,ed ....hen ....e Jain edge piClure, and ....hen 

Wf'l ~elect panleillar parl' of an edge p,Clure For ,elecllon lunellons. (he 

OutDul edge picture is ea'ily obl.lined from (he input edge picture and there 

i~ no need lor a malin plclure (el. FIG 6.13). FIG 6.14 sho.... ' how our 

CO/llpound pictures are combined both horizonlalty anI! verllcally. We place 

Fl.Ill pictures as requited. 
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WI 
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f-,l
l1 ( "c: ~ 3 'I 

I 

t;;ii: 
'-r-' 
;0;n('(,l9\ 

FlO 11.1<11 Combln'ng compound pictures hOrizontally and verllcally 

This method allows us 10 Implement Ihe veometric Interpretation 01 the 

combining forms U~lu!.I'''led in _~~GS 6.9 - 6.13~_~hUS. we can plot any 

simple ,uFP expression for a particular Input type. II Ihe user doesn'l wish 

to plOI Ihe whole circuli in deta,I, he can supply a picture for any subsection 

01 Ihe circuit overwriting what wOuld Olherwlse h....e been plalled. This allows 

him 10 draw Ihe 1I0orpian 10 Ihe required tevel 01 detail 

The program which we have Just described Clrlves 8 Hewlett Pacll.ar(l pioner. 

FIGs 6.15 - 6.11 are some examples 01 Ihe Oulpu1 WhiCh n produce~ 
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Chapter 7: Related Work .nd Discussion 

Inlroducllon 

In this chapter. we revlew recent developments In lhe field 01 VlSI design 

....hlch are relevenl 10 lhls IhBSls. Until a lew years .00. VlSI ......s SHIell'll 

the domain Of microelectronic engineers and trained circuli designers The 

revolullon came with Ihe publlcalion 01 (Mead. Conway 801. The simple 

structured deSIgn melhodology presenled In {Mead. Conway 801 allo.....ed 

·outslders· (par1icu1arly compuler scIentists) 10 "discover· VlSI. The 

realisation Ihal hierarchical deSIgn methods ale vllal 10 Ihe management 

Of comple"l'ly In VlSI systems came el a lime when lhe Older ad hoc 

methods were floundering. Although the VlSI community hes. In gene!!". 

accepled the need lor hierarchical aeslgn methods. mOSI work In lhe area 

ot VlSI design Is concenltaled at Ihe lowesl end 01 Ihe hierarchy. the layout 

level. In Ihe first llecllon. we give a brIef survey 01 the .""aUeble deSign 

10015. ranging from "aulornaled graph paper' systems lor cell layout to silicon 

compllen... 

Although a greel daal has been written aboul VlSI design. only a HnV Iraction 

-----.2t ~1~8rat~r~~. concerned In any way wllh Ihe use 01 formal methods. 

In lhe second seclion. we lurn our atlenlion to design languages es dlslinci 

/rom design lools. We dIsCuss Ihe imporlanl properties 01 a gOOd VlSI deSign 

language and we compare our aprOach 10 thai 01 olher workers In Ihe lield. 

Yje argue Ihe need r~ a mathemallcal approach The soHware induslry Is 

!;IOwly aCCepting the need lor lormai methods and we contend Ihal onl~ by 

the use 01 such methods will integrated circuli deSigners avoid a "VlSr 

crisis". 

The reader seeking a good InlrOduclion 10 VlSI deSign in general Is referred 

to IMead. Conway 801 and to (Clark 801. 
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O.slgn Tools 

M3St of the design 100ls currently available concenlrate on the lowesl end 

Of the design hierarChy. layoul. Layout syslems remove much 01 Ihe tedium 

01 the Iradltlonal "graph paper and c%ureer penclls' meltlod. Many syslems 

Ule an Inleractlve graphics display so lhat Ihe user Is always aware 01 Ihe 

'zl1ape" 01 Ihe design. GraphiC design languages lend 10 be popular wllh 

circuli desIgners. w~~ are more used to drawing shap~s Ihan 10 writing 

programs. la_lua' design lor la..,oull languages. on Ihe Olher hand. milly be 

I"r(Ire powerful lhan Ihelr graphical equivalents. They allow Ille u~e oj 

p.ram818rIZ8Iion. whiCh ts very Imporlant. since the aim 01 51rUCIUled de~jgn 

_ ~~t'!0d_OI~\).I.~~ Is 10 prOCluce highly regUlar Siructur..e..,c. _ 

Early design syslems were le.tual. and described the geometry rather than 

ttl. lopology of tha circut (for e.ample CIF (Mead. Conway 80; Hon. Sequin 

8~J. ICl IAyres 79) and LAP (locanthl 7eu. GAELIC rBoyd 791. the simple 

slmbollc layout languag. which Is Ihe :51andard Input 10 SERC mask-making 

'lell/lIes. can be produced using ellher an ordinary le.1 edllor or an 

1"leracU.,e graphics editor. The ICARUS system Is geometry based. I)u! has 

a graphics Interlace. using a "mouse". 

8~chenan and Gray IBuchanan. Gray 791 ha.,e de",oloped a SIMULA-based 

.1S1em _hara • design Is defined In terms 01 blocks. BlOCks ha.,e physical. 

slructural and I)eha.,ioural descriptions. whiCh must be consistent A block 

II a collection of connected componenls. which may be other blocks or 

prlmiti.,e components such oS transistors or wIres. Componenls are 

c~nnecled 10gelher by noCJes. Since Ihese nodes ha.,e bolh physical and 

S1fuctural significance. they ha...e been named coordlnodes. Blocks may be 

plIramaterlzed. allo*ing the defOrmation 01 cells and the condUlonal Inclusion 

01 CirCuli elements. The syslem pro.,ldes tacllllles lor logic and liming 

aimuiallon and lor eleclrlCal and dimensional design rule cheCking. 
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More recenlly. Buchanan [Buchanan 821 has proposed SCALE. whIch Is 8 

range Of VlSI de~lgn languages. LARGE SCALE 1$ an expllcll description 

of both the structural and physical 811rlbules 01 the circulI. SMAll SCALE 

concentrates on the slructural lealures. The range Irom LARGE 10 SMALL 

SCALE gives it sel of languages requiring varyIng degrees 0' automated 

layout. The system makes USB of lhe Idea of coordlnodes developed In lhe 

earlier work. 

SliCk diagrams. which were IIrSI proposed In {Williams 771 and which are 

described In (Mead. Conway e01. can be used to express lhe topOlogy or 

connecllvi1y 01 a clreui. STICKS (Williams 78) Is a graphical compiler for 

high level VlSI deSign. REST IMo!:.relier ellis the protOTypical leal cell design 

system. using Ihe connecllvHy approach. The Input 10 REST Is Just a slmp'e 

colour sketCh or rough shck diagram 01 the leal cell. Tha sketChing Is done 

on a graphics 'ermln,L The REST prOCess then produces a compacted slicks 

representallon. which has a unique physical representation The leat cells 

Ihus designed are then composed lexlually. USing the SPAM language (Segal 

90). The compOsition cells whiCh are used to combine olher cells conlaln 

behavioural as _ell as structural dala and a mUlll-valued junction a' simuialor 

-------.s-~-clieelt IAa 'yoc"?"?1 correctness of the Chip. 

The Daedalus/OPt design envlronmenl IShrobe 831 combines bOlh text and 

graphics. The OPt layout language IBalatl. Mayfe. Shrobe. Sussman. Weise 

~91J uses pSt.melrlc _ ceiL de1inillQ.!ls _~nd _$ym!l0lic~ de~Ctip1iOns end II 

manipulales a hierarchical Object-oriented dlla base The whole syslem is 

embedded in LISP. allowing the user to define his own lunClions Daedalus 

1$ a graphiCS editor whIch allows one to edil graphiCS objecl,. but which 

OUlputs DPl code. The whole system was used In the desIgn 01 the Scheme 

Chip al M.I.T. (Steele. Sussman 901. 
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SliCkS & Stones (Cardeili. PIOlkin 6ll 15 • language which Is designed to 

ell~ress Ihe hierarchical ,'rUCture and lopologlcal properties 01 VlSI circuits. 

Thl language can be used to specify and communicate slick diagrams In 

lerual torm. A more concrele form, wl'1ICh Includes the necessary geome1r1c 

de,115. has been Imptemenled [Cardelll 811. The a~5lracl data ~ype ·picture" 

anc (he algebraic operalors. on It 1'18\18 been embedded In a general purpose 

_p,llC.,.ve programming langu~~n.g " powerlul Chlp assembly 1001. (We 

wUI rfllum to the work of Cardelli In the nelll seclion l 

POJh {Whllney. Mead 831 Is a symbolic 'slich-lIke" represenlallon lor circuit 

fe..et designs and a sel of algorithms which operale on this representall0n. 

Tht Pooh syslem mainlains conneclivity. circuli scheme lie and port 

placement Inlormalion. II defines an automalically Ctlecked represenlalion 

lor cirCUli level designs and II allows mask geomelry 10 be automatically 

ge,eraled. The user Inlerlace may be either graphlcel or IImguage based. 

In~lvldual slruclures .re "forced" to Obey Ihe layoul rules by construction. 

Sone analysis Is needed 10 ensure Ihe correct spacing and angles belween 

.d~cenl structures. The Pooh languege system has been embedded In the 

programming language Mainsail <TMl. The syslem has been used as Ihe 

ba,e-Ievel representallon In lhe SiC lOps silicon Compiler proJecl IHedges. 

S111er. Clow. Whllney 821. 

The ASTRA CAD syslem [Reven. Ivey B3J being developed by Brl1lsh ~elecom 

elms to support Ihe design 01 hfgh-comple_ity Integrated circuitS. It 

encourages and supports a structured approaCh to design. wilh the eim 

of managing In'erconneclion elltC1cnlly from the eerhesl stages 01 the deSIgn 

The system uses floor-plans 10 dehne Ihe topOlogy 01 Ihe layout and Ihe 

hierarchical slruCture 01 Ihe design. A lorm of symboliC layoul Is used 10 

design low level cells and geomelrlc layoul Is aUlometically generaled. The 

floor-plans have Ihe rote 01 composl1ion-cells when Ihe leal-cells are finally 

pllced. When the Chip Is beIng assembled. leal-cells are eutomallcally 

SlrelChed 10 ensure Ihal pilCh matChing Is malnlalned. The e.perlmenlsl 

syslem Is currenlly being epplied 10 a realistic design example. 
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The Berkeley Building-Block syslem (BB8) (Chen. Hsu. Kuh 831 Is 

hierarchical aulQmated layout system for Ie design ....hlch Is designed to 

Inlerface to other design aids through a general purpose dala ba$e. The 

SIUcon Assembler lUBAICK lSchoelikopl 83J has been de....eloped 81 Grenoble 

as part of a silicon complier project. II allows the hierarchical design of 

lunctlonal celts using basic Interconneetlon slruClures. The CHIPMASON 

automatic layout program IWu. Parker. Conner 831 opera1es recursively on 

II troe-like slruclure whIch represents Ihe deSign floor-plan inCluding 

lmplemenlallon al1ernallves. The OUlput is mask dale. 

Two systems which combine te..lual and graphical represeniaHons wil" Ihe 

use of both connecllvily and geomelry ,re Eleclrlc (Aubin 831 and MULGA 

(Wesle. Ackland e 1; ACkland. Weste 83]. MULGA Is 8 symbolic deSign 5yslem 

which uses Ihe notion of .. vlnual or 'opologlcal grid on which symbOlic 

"cirCuit Component, are praced. The grid dehne, a rei' live layOut tOPOlogy 

wilhout spectlying the aClual dlslances belween components Aller 50me 

cheCking lor circuli Inconslslencles. the cell 15 compacled by "moving" Ihe 

virtual grid tlne5. A detailed symbolic 1I00r plan I" used to give a StruclUral 

deflnltlon of thB ChIp. This floor-plan. togelher wllh a number 01 struclural 

__~$.I~~IJ~" determInes how the leaf cells ,re assembled 10 make the final 

Chip MULGA Is, !he prololyplcal Chip assembly syslem and It appears to 

sel the slandard by which other 5ystems, are ludged. 

Tbere are many CAD S~5lems for int~raled circulI deSign which we have 

not mentioned Those we have menlioned do. we leel. give Ihe flavour 01 

the kind of conveniionai 1001 which Is available. 

The Introduction 01 8 regUlar structured deSign melhodology LMead. Conway 
r

801 and 01 powerfUl CAD lools has had a great e.lecl on Ie design In general. 

In 1979. Digilal EqUipment Corporation sel up a smaIt group 10 Investigate 

lhe use of a s1ruCIured destgn methOdOlogy In an Industrial seiling. The 

re!lUu was a remarkable len-Iold decrease In design lime for VlSI clrcuJls 

(Mudge. Herrick. Walker 801. 
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In 'ecl, Ihe Idea or <II hierarchIcal design melhod [Rowson aOI has bee'1 

wtlely eccepl8d In lhe VLSI community. 8S e~ldenced by the numbe' 01 

mlnulaclurers whO are keen 10 point Out thai Ihelr parUcular CAD 1001 

s~ppOriS struclured design. Howe~er. mest 01 the deSliJn 100ls currenlly 

.,.lIabie conCenlrele on the layoul of clrculls which ha~e. In 0 sense. 

_Iready been designed. Because lhey operale al suCh e low leyel. many 

01 1tlesa laals spend much 01 (heir lime trying 10 rec~ver slructure which 

hIS been IO~1 (or lor90uen). For example. many systems use circuli or node 

8'ltractOrs 10 lry to recoyer the original Inlenl 01 the designer. This wOllld 

nol be necessary II the designer CQuid describe lhe circuli In a structured 

. ~~1~her le~el. One loses much 01 the benefll 01 a hierarchlca~~~Q.rl_ 

m!!llhod 11 one presents one's design system only wilh B "1IBllened" 

rtpresenlallon 01 the flnal circuit, while denying" Inlormatlon aboul Ihe olher 

sllges Of lhe design A syslem whiCh represems a circuli as .. 'meanlngless' 

c::~lIeclion Of coloured reclangles Is bound 10 need complex electrical and 

III'0ui design rule Checkers WhiCh Iry 10 'Interprer Ihe circuli an 8 way 

.~Ich allows them to check Ihe design rules. Systems which operale al a 

higher le~el can ansure Ihal clrculls obey Ihe design rules by consiruclion. 

A deSign syslem whiCh operales al 100 low I le~el obSlrucls Ihe use 01 

aUlracllon IS I design lechnlque and lorces design aids 10 work al an 

Ir.approprlale le~el 01 delall. 

A~olher consequence of working al the layout le~el Is the hea~y reliance 

0'1 simulation as a means of ~erllylng circuit correctness. II one's circuit 

l! represenled as a collecllon 01 reclangles placed on various layers. Ihen 

O'le has lillie choice but 10 "extract' the IransiSlors and/or gales and run 

• simulalOr. In some cases. howe~er. Ihe slmulalor ends up cheCking 

poperUes whiCh should ha~e been cheeked "syntaclically- al a higher 'e~el. 

Ii. present Ihe VlSI communlly relies almost entirely on simuiallon 10 deleci 

,rrors. Howe~er. lhe leaslbllily 01 Ihls approach decreases 85 the compleJlily 

ClI Ihe Chips Increases. When we ha~e million Iranslslor chips. II will take 
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much 100 long 10 per10rm all possible experiments using a slmulalor. Even 

II II could be done. the results may be InsullIelenl to ensure thai the chip 

Itsall Is corteel. One approaCh Is 10 have II func!lonal specllIcallon 01 the 

Chip which Ie lis us how II should behave In all circumstances. II we have 

lluch II Ihlng. why can •• nol compile It (In II provably correct manner) 

dlreclly onlo silicon? 

This brings us 10 II whole ne'" 8ree 01 VLSI research. but one which Is 

sBClly underpopulatetl Many of the theorellcal computer sclenllSIS whO have 

been aUraCled 1o VLSI In recenl years have concentrated their ellons In 

complelflly lneory. This 15. undoubledly. II very Inleresltng and Important lleld. 

Much lmpotlanl work has been done (Thompson eo: Preperala, Vultlemin 

80. 81; Lelserson 81; Brent. Kung 81; Chazelle. Momer 81; Baudel 82 and 

many morel. and much remains 10 be done. II "'auld be nice. however. II 

mare compuler aclenlls's applied their kno",'edge and experience In Ihe 

areas of complier lachnlques. speclflcallon methods en~ language ~estgn 

10 the complex prOblems. 01 "alUcon complle11on". Some are ~aunled by the 

enormlly of the problem. Others are merely prelu~lced agaln51 working wllh 

engineers. In IIny case. a unique opp0rlunlty for Irultlul collaboraiion between 

co: ;pU4ef" .l;len"s's aod eng~seems 10 be being mlss.e~. 

The pIoneering work In silicon compllallon was ~one by Johannsen wilh his 

Bristle Blocks Silicon Compiler (Johannsen 791 The Brlslle BlOCks s.ys!em 

=elms 10 allow .the=!JseLJo dt!Sigl! an jnlewaled clr.£ull. ~ilh as lillie concern 

as possible lor the mechanics Involved. The fundamenlal unil Is a cell. which 

may conlaln geometric primilives such as lines.. bales an~ pOlvQons. as well 

8S r'Ell.renees 10 other cells A cell has "brlslles' aroun~ the edges.. and 

Ihese connecllon polnls fOrm hs inlerlace with the outside world. The lowes.l 

lavel cells are dellne~ by a description 01 their aClual layout. In II slandard 

cell ~eslgn language. Bristle Blocks cells are proce~ural. They are. In lac!. 

small programs whiCh can. among other things. draw lhemselves. Cells may. 

lor example. streich themselves. to allow power lines 10 ellpan~ as power 

deman~s Increase. A parllCular 8rlslle Blacks system Is ~eslgne~ 10 compile 

• parllcular c'.5os 01 chip architecture. 
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MA:;PITTS ISlsklnd. Southard. CrOuCh 82a. 82bJ provides en allernative 10 

lhe "hand-crafted" melhod for designs which III lnlO the hameworlo; 01 

ml(roprogram sequenced dala path opera lions. The syslem uses a 

stae-orlen1ed reglsler transfe' language which has mulllple way branching. 

nelled condlllons. subroullnes and parallel processes. The language Is 

conplied dlreClly 10 mask-level apeclllcallons. wllh a finite slete mechlne 

lOr each parallel p.ocess and a ala palh unU. The data path unit comaIns 

op.,ators. as well as raglsters. The compllauon proceeds In lwO stages. 

Fin!. a technology Independent ln1ermedlate description Is produced. This 

C8~ be used to drive a funcllonai simulator. removmg the need lor a node 

9xtactQr an'" 5wUCb lelfel ,Imulator The Intermediate descripllon Is used 

to prOdUCe technology dependent maslo; layouts In CIF. These layouts are 

cOlrect by synlhesis. Thus. Ihe designer describes an Ie In terms or lhe 

al~rlthm II Is to perlorm. rather than the geometry or topology 01 Us layout. 

Thl system Is particularly sullable lor signal processing applicatIons and 

th~ e.-pllcl! speclllcation 01 parallelism aids the design 01 high throughpul 

clrculls. 

Ant>ther successful silicon compiler whiCh allows the rapid Implementallon 

01 LSI and VlSI signal prOCessors Is reported In (Oenyer. Renshaw. Bergmann 

821. FIRST Is based on the methodOlogy lor bit serial architectures of (lyon 

811 and so II works wllhln speciUC archllectural. tOPOlogical. liming. circuit 

.n~ layout convenlions. II uses a It.-ed ttoor-plan tormac wllh ranks 01 bit 

se'lal processors allached to a central communication channel The system 

no only gives gOOd CompaCl layOuls but il also gIves massive cosl and 

tine reducllons over conventional lSI design techniques. 

fR~pp 81) describes DEA. an experimenlal silicon complier system which 

aln, 10 allow Ihe designer 10 explore alternative architectures lOr e design. 

to achieve the required perfofmance. size and power consumplion It elsa 

alns 10 generate the geomelrlc description 01 Ihe circuli for labricallon with 

• (luallty comparable to hand-drawn deSigns. The system draws on known 

sO'lware compllaUon teChniques and. as ~ consequence. ,he DEA language 
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Is III sUbset of lhe C prooremmlno language. The language allows Ihe user 

10 speClty memory arrays. combinatorial elements and cyClic relellonshlps 

wh~h define discrete memory componenlS. Once the designer Is satlslled 

wll" the behayloura' des.crlpllon of Ihe circuit. he adds geomelrlc tnlormellon 

by ordering Ihe betMftoural equaUons and IIIddlnO Intermediate ·sllclng" 

leyels. This allows Ihe syslem 10 produce ·soll" cells. which are rec1angular. 

but .re arbl1re,.lIy lIexlble. Finally. the soft cells lire composed end 

"hardened" 10 produce mask geometry. 

Some systems helle cuslomlsed PLAs (with leedback) as their target 

IIrChlleClur8. For ell8mple. (Forrest. Edwards 83) describes III syslem In which 

a 1lilJllulii language whiCh specilies Ihe behaviour of a Unite state machine 

15 complied automallcalty Into a near-opllmum PlA slruClure. 

(Floyd. Ullman 82) consklen Ihe design 01 lntegraled clrculls 10 Implement 

.rbllrary regula,. expreSSions. Regular ellpresslons can be used 10 speCify 

any lin lie Slate process Uhough nOI necessarlty succinctly!. A regUlar 

expression with n operands can be convened InlO a nondelermlnisUc IInUe 

automaton. with al mOSI n slales and n transitions, This Ilnlle slale automalon 

cd .. be Imple",ent8" ".Ing .an n_..by:...2fi-P~.. Allernallvely~~~archicel la~ul 

can be prOduced. rafleCtlng the hierarchical nature of the automaton RegUlar 

expreSSions are prasenled as a possible uselul component 01 a general 

purpose language lOr silicon compllallon. 

Silicon complier proiec1s such as lhese represent a greal step lorward. The 

designer gives a behavioural or algorHhmic specillcation 01 the circuli and 

the emphasis 15 on correctness by synlhesls. The designer can concenirate 

on the archilectunl or logical design by abstracting away from the delails 

01 Ihe physical IllIyout 
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H(JWe~e'. Iha syslems whiCh we heve descrIbed rely eUher on Ihe COrteelne,s 

01 lha Inpul or On simulation 8S Ihelr means 01 verllylng Ihe correctness 

01 Ihe final circuli. In some cases. for example In slgnlll processing 

8WucaUons. Ihls Is reasonable because Ihe algorithms being Implemenled 

ara well known and have been mathemallcally verllied. However. VLsr design. 

In general. clamours lor 8 mathematical approaCh. As Clrculls beCome more 

Cl;rnp1ell, simuiallon becomes less and less feasible .S II means 01 

verllle.llon. Marlin Rem puiS Ihe cue more 51rongty when he says that "I here 

Is no lulur. fa- slmul810rs· (Rem B1). We shOuld learn trom Ihe sollware 

e~lnee's. whO are beginning 10 apply fOrmal melhods to Ihe desIgn 01 

_~~~J'__ ~y-stems. with considerable success. The sollware engineers have 

letrnl Ihe value 01 using a powerful nolatian and (he majarlly 01 programs 

art now .rltlen In high level languages. FuncUanal languages. In partiCular. 

mlka programs easier and quicker to write because (he programmer 1$ able 

10 abstracl away frOm such machine-dependent nollons as order 01 

alllluaUon. In the next secllon, we wilt consIder Ihe desired praperlles of 

• high level VLSI design language. We will compare our apprOllch 10 thai 

ofOlhars who hava applied lormai teChnIques 10 the problems 01 VLSI.design. 
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Design Languages 

One 01 the mosl Imporlant COmponenls of any design melhod Is a langua~e 

or nolallon In which 10 e.pregs our Ideas and our design decisions. Iverson, 

In hiS Turing award lecture on "Nolallon as a Tool 01 Thoughl· (Iverson 

eO). uses three well-chosen quola1l0ns 

·Thal language Is an instrument 01 human reason, and 1"101 

merely a medium lor the e.pression 01 Ihough!. Is a trUlh 

generally admilled.· Georg. Boole 

·By relieving Ihe brain 01 aU unnecessary work. a gOOd 

nOlatlon sets II free to concenirate on more adllanced 

problems. and in elieci Increases the mental power of the 

race.· A. N. Whlfeflead 

"The quanlily 01 meaning compressed IntO small space by 

.'geDralc signs Is another circumstance lhat lac"llales Ihe 

reasonings we are accustomed 10 carry on by Ihelr aid." 

Cflar'83 Babbage. 

We wW lollow these great sClenllSIS in stressing Ihe ImpOrtance of choosing 

a design language which Is appropriate to the task In hand. In the fOllowing 

subsecllons. we Ust and discuss Ihe properties which we consider til be 

=-vIl81'- to a gtJO<J -¥lSI -=design language. 



116 

Slnpllclry 

We place simpllclly belote all Dlher propertIes because we leeI (hal a 

lan;uage which IS over-complicated has 1I111e hOpe 01 lullilllng our other 

reQ.J!remenIS. A simple language Is easier 10 I~ern. easier to use and easier 

10 read. These lac lor' arB ImpOrlant In an Industrial environment where 

de~gners' Ume Is an 8..penslve and scarce resource. Designers have long 

us", Ihe simple 8XpreSSRre nola lIon' 01 block. logic and- circuli diagrems. 

Th"e diagrams can be made 10 conlain exaclIy lhe required informa1ion. 

ThlY are concise. yel Ihey are easy 10 read. A nOlaltoO which is Over 

COll'lpllClt8d will nOI compele agalnsl the leCl'lniques already In use. 

A limple language glvu some hope or mathematical (ractability. ILfP is made 

up 01 a emalt number 01 prlmillve luncllon, and combining lorms. Each 

conblnlng form ha, a simple geometric Inlerprelalion, This I, Imporlenl as 

our ullimate goal I, to produce ChIp layout from l!II beha .... lourel descrlpllon, 

As explained In the preViOUS chapler. Ihe block diagram correspondIng to 

a ~FP expreSSion is calculated In a "hierarchical" manner. The block dlegram 

of ,n e_presslon Is ,orne simple combinalion 01 the bloct.; diagrams Of ils 

subellpresslons. We l!IIre. In SOme sense. "tiling the plane" wllh block 

dl8lJrl!llms. The ba,lc utes ere Ihose for wires and those lor prlmilive 

furcUon,. These are Ihe leaves 01 the Iree corresponding 10 Ihe .uFP 

ex~re"lon. The combining forms at Ihe nodes 01 the tree tell how the lites 

art to be laId out If we assume Ihal primitive lunClions have Uxed sIze. 

lhen we will need elllra "wire" and "blent.; space" tiles to ensure Ihat adicent 

blo;:ks are properly joined up II has been suggesled thai one or the reasons 

wh~ silicon compilahon 1$ $1111 In ils intancy Is that ,t Is difficult 10 ekpress 

a circuli. which Is a two-dimensional Object. In a one-dimen~nal language. 

Our Solulion to this Is 10 consider uselul ways of cons'rucllng circuits by 

lIIhg Ihe plane wllh rectangular subblocks. This approaCh reslrlcls our choice 

of r::ombinlng forms 10 Ihose WhiCh l!IIre appropriate 10 our 'Inal goal - layoul. 
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Another reason lor Choosing 8 simple language Is lhal It Is more likely to 

haY8 • lormal semanlics. If W8 ar8 to eschew simulation lor rigorous prool 

techniques, our design language mUSI h8\18 8 comptele 'ormal semanlic5. 

To be useful. a formal semantics must be comprehensible. Because we have 

8 'IIery restricted notion 01 stele. Iha operatlonlll semantics 01 Jl.FP afe simple. 

A IJ.FP eJ:presslon can be thoughl of 8S a slmp'e d8la-llow maChine. through 

which w8 pUSh our Inputs. one 81 II "me. In one Cycle. data ",lppJas' through 

U"tO machIne Irom input 10 GulpUI. The machine may change during a cyCle. 

as Ihe stored slale may be upd.lIed. The denOlationat semantics 01 ILFP 

Is given In tarms 01 FP. This allows U5 10 describe functions which lake 

a slream of Inputs 10 a Slream of outpu1s In lerms 01 simpler lunctlOr'ls 

which lake an lnpul 10 en output. The mal' I. Iranspose function, zip. Is used 

10 keep the types Fight. This approach IlIows us 10 proye new algebraiC 

laws fn IJ.FP USing the known laws Of FP. 

An obylous and gross slmplillCaliOn whiCh we haye made Is 10 abslr8Cl away 

Irom delalls of tllTllng. IlFP describes synchronous systems In which all parts 

of the circuit operate In lock-slep. There Is no notIon of a cycle lasting 

a p.r1lcular length of lime. Wa are concerned wilh Ihe ordering 01 eyenrS, 

__noL_wIl1Ljhl..!.L~u,.allon. Wa realise Ihal timing Is Important. but we leel Ihat 

liming delails should only be 'added" 10 I ctrcull which Is known to be 

funClionally correct al a more abslract level. The lask 01 proving a cirCUli 

conee! In the presence 01 rImIng details is enormously complicated. The 

citcull may be In"corJ!llct becaus~ In'!..re ~ an error in the deSign or because 

Ihera Is a liming error ap so. one should be doing two sepaflile proD's 

Some VlSI descrlpllon languages Inctude liming delalls For example. Noon's 

Detlgn Specllicallon language INoon 771 has basic slalemenls 01 Ihe 'orm 

WHEN 0 IF n MAKE (I WITHIN 0 UNLESS 0;. 
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s~. e possll)le slalement would be 

WHEN A RISES OR 8 FALLS OA C CHANGES 

IF 0:1 AFTER 20n$ 

MAKE E "'" (F & Q) ANO H"'O 

WITHIN .sOns TO 1Sns 

UNLESS B RISES OR J CHANGES;. 

Tn! language Is. 01 course. nOI designed to be reasoned 8boul using 

mllhemaUcal techniques. 11 Is designed lor use with. functIonal slmuralor. 

n" d.~I~~ Is simulated ",Uti cerlain stimuli and the designer compares 1~. 

ou1pul wUh whel he "ewpecis' and tracks down bugs. How lhe deSigner 

cl'Culate. what 10 ...peel II not specilled. languages 01 this type are very 

pOl)ular. but they .r. nOI lull81:11e lor us. wUh formal teChniques. Temporal 

Lelle promises to be us.ful lor reasoning aboui circuit timing (Bochmann 

82, Moszkowsld 831. bUI the use 01 an over-complicated language will ptevenl 

us Irom ••ploltlng lis pawe .... Many of the resesrchel"S whose work we wIll 

....fSr 10 In Ihe lollowing secHons have dellber.lely chosen small simple 

languag.s. 10 I.ellltllie 'ormal reasoning. 

In Ih. n.xl ••eUon. we consider our second ,equl,emenl lor. good "lSI 

d.slgn language. e.pre~slve power. 



Expressive Power 

ObVlour.ly. it is nol enough 10 demand thai a language be simple. clear 

and easy 10 read and u:;;e. II musl be able 10 ellpress any system Ihal Ihe 

"esigner might wish 10 describe. We wish 10 enhance Ihe skills md 

lechnique:;; 01 Ihe designer. nOI 10 conslraln them. We leel thai a good deSign 

language should nol Impose a pallicular low level desIgn technique on Ihe 

u!.er 

There arf1 OOVIOUS trade-oils bel",e~n ellp,e:;;slve power and some or Ollr 
I 

Other requIrements. 10' example slmp,.iclly and mathematical tractability 

Cloarly. there Is no pOlnl in using <l language which curbs the creallve talent!. 

01 'he designer by reslrlCfing him 10 a smaller design space. On the Olher 

hand. a langU(lge ",n'c.h is 100 powerful can cause prOblems We must lIear 

in mind our a,ms - 10 venly 10rmaIJy the COrrec.lness 01 a c.lrcuH and to 

produce .] tayOul of that cirCUlI BOlh 01 lhese alms place conslraints on 

'he e.presr.ive pO",er 01 Ihe design language As Carderlt (Cardelll 821 POint!. 

oUI. Ihe aC!ivllleS 01 lormal desc.riplion and lor mal verHicallon ere oHen 

Inversely proporliOnal. in fhal a very precise and detailed descr1plion 01 a 

!:yslem can blind one 10 it general properties. So. the desired expre!:slve 

__---.po.w.8L--.aL.au.r---.langllilge is constrained ~hom both e.ncd~'~· _ 

In ~FP. we have chosen 10 represent Siale using the Simple nolion 01 a 

feedback latch. USing the ;.t combining 101m. we can place lhose Signals 

.hlch we wish '0 remember in a Ja~~_h 01 lh~_ re:quired size. The signals 

are Ihen available to the function on the nelll clock cyCle This Is a restricled 

way ot intrOdUCing ~l(lte since the signalS are remembered only lor one 

Clock Cycle We Me nOl prOVIded With varJables Inlo whiCh we can place 

value5 lor sale-keeping. until lhey 3re needed laler In ttle compulallon. SUCh 

a language mIght be able 10 ellpless some compulaUons more nSlurally and 

conCIsely. bur the Increa.o;e In expressIve power would be far oulwelghed 

by the Increase in complekily 01 the formal semanlics. wl1h lis consequent 

decrease In our abltlly 10 reason about Ihe language. In #lFP. a circuli wllh 

stale Is expres$ed liS a linlle Slale machIne. with n." outplJ' and ned sfate 

tunc.liom: Thu$_ we c.an express any lunClion which Is suitable lor 

implemenlalion on SilIcon. While retainIng most 01 Ihe algebraic prOperties 

01 the orioinal apphcallve I.]nouaoe. FP 
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Olter workers have (lor similar reasons) placed restrictions on theIr nOllons 

of Siale. IBablker, Fleming, Milne 831. In t"elr Il'nguage lTS, ('layout and 

Timing lor Siructures'>' use I' non-procedurl" style of descrlpllon. with I' 

backwara-Iooklng synchronous Ireatmenl 01 time The behaviOural descrip lion 

of • circuit Is given In a lunctlonal language. wl1" a signal being viewed 

as a malhemallcal lunCllon taking Umes to values. They Introduce state by 

u.irIg lac.t a lu-nc~-Om ~gnall. 10 slgnala. LUllxl la- -. signal which, al 

Jln, Im.. "nl, has Ihe value Ihal 11 had al Ihe previous Inslant The lormal 

senanlics 01 LTS has nOI yet been published but we expect thai {as in IJ.FPl 

the combinaUon 01 an appUcative language and a restricted notion 01 slale 

wUJ---g.we -a._ simple p1egilol seman1jc-' 

GOlaon IOoraon 821 v~e!. a similarly restricled nOlion 01 Slale ana he 

chooses 10 work wilh sequential behaviours, ralher Ihan wllh machines. The 

dOlllalna ComlX; '1'] end SeQIX: '\'1 reresenl comblnalorial and seQvenlial 

behaviour. reapeC!lvely. The comblnatorlal behaviour 01 a device. whose sel 

of Inpul line, Is X and who,e sel 01 oUlput lines Is Y, Is • lunctlon Irom 

81\j(Xl 10 6IgIY). Membera 01 SlglXI Cand SlgIY) are called signalS. 

Call/X; '1'] = SlglX) - SlgIY) Is Ihe domain 01 combinatorial behaviours Irom 

X n Y. Seqlx; '1'1. tho domain 01 sequential behavlouriS hom X tOY, Is Ihe 

'e.1 solvllon 0' the domain equallon 

SeqlX; '1'1 = (SlgIXI - CSiglYI • SeqIX. Y))) 

(wUh 1 0-lO'.81. ,,,"I lO-O') and snd'" (0-8». 

Informally. a aevice wilh semantiCs I in Seq(X; '1'1 behaves like a comblnalorial 

dellcfl wtlh behaviour 

(lsi " 0 ; SiglX) - SIg1YI 

un" II is clocked .IIh Inpul signal is ( SlgIXI. II then changes behaviour 

10 

(sndCO) s t: SeqIX; '1') 

10 give us a "new· sequential behaviour. 
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Clearly. Ihere a,.e parallels between Ihls deflnHlon of the semanUCs 01 

sequential behaviours and Our deflnlllon 01 Ihe semantics of Ihe combinIng 

torm IA. 

MllAf. = OUI Hill] 

~oulgl=O 

where (0.5) = lip • g • lip (1.715) 

Our semanllCS automatically maps lunCllons along" sequence 01 inputs to 

give a ~eQ ...ence 01 outputs. and so we do nOI recurse expllcilly. GordOn 

shows haw sequenlial machines are rela'ed 10 the domain 01 sequenhal 

b~havlours. For a machine M. wilh Oulpul funCtion OUTM. nexl sla'e lunctlon 

NEXTM and !,ef 01 !"ates SM. lhe sequenlial behaViour Of M In !,lale x is 

given by
 

BIMh: '" l.s.lOU1Mls. xl. BIM] (NEXTMls. x»)
 

(BIMI 8M - SeQIX. Yll.
 

1hls eQuilllon Is related 10 eQualion I aboye Our equalion refers to Ihe wh~le 

!.equence 01 slales. ralher than 10 a particular slale. In the lasl parl 01 

equation I. Ihe 'acl Ihat we have a on lhe leflhand side and 71s on !he 

righl has lha same elleci as Ihe feCUfSIYe call of B wi'h Ihe next alate 

In a given cycle. bOlh equations InvOlve 'he production 01 an- outpul and 

a new slale whIch Is lhen used In Ihe calculallon 01 the next oUlpul. 

Gordon works with bcha'o'lours rather 'han machines because. when wrlltng 

!;peCilicallons. he Wishes 11.151 10 gl'o'e desired beha'o'iour. nol a machIne 

realising lhal behaViour. Also he Wishes to a'o'oid having 10 express whal 

il me3ns lOr an implemenling machine 10 meet a specilicatlon His choice 

IS mOllvated by Ihe tacl Ihat he is primarily concerned wilh verillcllllon. His 

211m Is 10 sho_ lhat the expression corresponding 10 lhe struclure 01 the 

system being verified has the desired behllviour. 
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Our aim~ are slightly dillerent We .Ish to transform an Initiat. description 

olthe required cirCuli (nOrmally in the form ~b:. y» Into one .hich Is suitable 

for layout on Silicon The final circuli must have the same semantics a~ 

the original one and so .e must use only 'semanlics-preserylng" 

tnnsformallons. We aim 10 produce a machine and so we slar1 .ilh one. 

I" both cases. Ihe choice between behaylours and mach'nes .as made on 

the grounds of elegance <:tnd manipul.allve ene. The tfiCt Ihsl Ihe t.o 

1.2I1guagAs were required to encap~ulate sllghUy d,nerent types 01 information 

clu~ed u!. 10 make dlflerenl chOIces 

__ I~..I,!~ n~~l :.eciion.•e elliain .hy nollons of elegance __ and manipulative 

elSO arc valid crHeria In the deSIgn of languages for VLSI description 

Mllhem.lIe.l Tracl.blll,y 

O~e 01 the main problems In VLSI systems design Is Ihe management 01 

c~mplexlly. The IntroduClon 01 regular hler.rchlcal design melhods. such as 

thClse advocated in (Mead. Conway 801. has been a greal breakthrough In 

lhis area. However. as systems become more and more complell. slruClUred 

dEsign methodologies mUSI be combined with formal methods lor circuli 

verification. II .e are to produce correct circuits In reasonable timesc8les. 

One 01 lhe tealUres .hlch VLSI deSign shares .Ith soflware design Is that. 

81 the design of a system proceeds. the cos I of repairing errors gro.s 

eJ~onentlaUy. Also. Ihe later an error Is lound. the more likely It Is 10 hsve 

originaled early to the deSIgn procedure. So. II Is Imporlant 10 see verillcalion 

n~t as somelhlng which happens alter the circuit has been designed. bu1 

a~ an importanl part of Ihe design process itself. 

In ~FP. we use transformations based on the adoms o' Ihe language 10 

Oi,e this kind 01 conUnuous verilicaUon. The functions and combining lorms 

01 FP were chOsen because they haye nice algebraic proerlles. The language 

••s designed to .lIow Ihe programmer to re.son about his programs by 

mlnlpulaling Ihe progra"'s Ihemselves. We were persueded 10 use FP as 



Ihe tlasi~ 01 our language. because it ha~ an associaled algebra 01 lunctlons 

A gOOd IILSI design tanguage must allow us to show lhal two circulls have 

!he same 'meaning" or tlehaviour. As ellplalned In Ihe preVIOUS seclion. we 

use a leslricled notion 01 stale 10 ensure Ihal IJ.FP retains most 01 Ihe 

algebraic properlles 01 FP. We give Ihe semantics 01 IlFP in lerms 01 FP 

so that we can draw on Ihe reservoir 01 known algetlralC laws In FP 10 

prove new laws In IlFP. We are. In general. concerned with provIng lwo 

circuli desc,jpton~ equivalenl and this Is done by applyIng a sequence 01 

'ransform3lions based on algetlraiC identilles 10 one 01 the deSCriptions 10 

produce Ihe other. Based on the ideas developed In thIs dissertation. Simon 

Fwn [Finn 831 has Implemented a uanslorma,ion syslem lOr IlFP in 'he purely 

lunCllonal tanguage. Uspkll lisp [Henderson. Jones. Jones 8JI The syslem 

allows one 10 transform a uFP ellpression hnio a semantiCally equi... alent 

one) by a~IYlng taclics. whiCh may tle allioms or comtllnaiions 01 laCllcs• 
Finn conCluded Ih,c a more realisllc and usatlle syslem mlghl adop! the 

Ideas 01 (Feather 191 where one could set goals lor the system 10 Iry 10 

aChieve. Such a ~ystem would re/ieci more closely Ihe manner In WhiCh 

desIgn Is actually done The use 01 lranslOrmalions ,elies heavily on Ihe 

13(:1 Ihal ~FP is a ,raclable nOlation because of Its algebraiC properties 

A language which IS not lraclable will nOI only be dilficull 10 use bul also 
~-----

dilUcull 10 'avlOmale" " we are 10 formally verily complex syslems. we need 

languages whiCh are suilatlle lor use wllh soflware 10015 SUCh as 

Iransformation systems and prool checkers. 

Our Iranslormalions are. 01 necessity. semantics-preserving and so Ihe laws 

01 ;J.FP which concern u~ a,e atgetlralc Idenlllies In chapler 5. however 

we inlrOduce Ihe predlcale slowmodels whICh allows us to analyse cirCUits 

In which 50'tll 01 the proceSsors are acllve at any given time. Slowmodeis 

allows us 10 shOW thaI a circuit oj Ihis Iype IS "sullicient" 10 lutlil a given 

specilica1ion Un lerms of an 'ordinary' circuit> provided we are willing 10 

have the neCessary "don'l cares' In the Input and OUlpul Slreams. /LFP 

proved 10 be useful In reasoning about such 'IrcuU5-_ We hope to generalise 

this technique to deal wilh such Ihings '" micro-cycles in micro-coded 

maChine Implemenlalions. 
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CardellJ in hiS thesis ICardelh 821 shOws how algebra Ic techniques can 

be applied 10 many aspecis of VlSI descriplion ana verHica lion. He Introduces 

a simple and unilorm nOlalion lor !he descrlpllon of networks 01 hardware 

cornponenls. A network Is a slruClured graph with an Inlerlace and the 

n()!allon lor structured graphS Is desIgned 10 be "formally traclable. 

ell~re"lve enough to be used as a programming language. and easily 

conwerlible InlO useful da'a s'ruclures", He uses an a-bslraet data Iype 01 

nelworks over whiCh cerlaln operations. such as Ihe composilion 01 

sutmelworks. can be performed. He lormaiises these IOeas In an algebraic 

framework and he gives some examples ol how networks may be programmed 

in-~ -a-Jg.ebf-a.. The mal" eypmple Ie the $Vs.oUr paupro matcher 01 !Fosler 

Kung 791 which 15 very similar 10 the sy510liC correialor whfeh Is our main 

example. His eJlamples are deSIgned 10 show Ihat Ihe approaCh can be 

applied to vaflOus levels 01 descrlplion, In Ihe range Irom abstract 

behovioural specihcations 10 actual clrculls. A formal semantics for the 

lopmosl level of descriplion. Clocked Transllion Algebra. 15 given in terms 

01 Mllner's Synchronous CCS fMilner 821. CTA deals with the behavIoural 

speclflcallon 01 synchronous systems Cardelli points oul Ihal formal prOOfs 

abOul such systems are gOOd candidates lor mechanisallon. He also tackles 

Ihl 10rmaUsallon of real-lime sySiems. using bOlh denotallonai and 

operational semantics lechniQues He considers Ihe problems 01 ,ranslating 

belween Ihe various levelS of description and showS how 10 Iranslale purely 

topological planar SliCk d.agrams into grid slruClures. which can be used 

10 generate layoul He give!, an efflclenl algorithm lor strelching grid 

structures to ensure pOtl-mdtch.ng Fmally. he describes 'he Implemenlahon 

01 an eJ.pc~imcnlal VlSI deSIgn system. in whIch Ihe geomelric detarls 01 

laTUuls are hidden from tile user by lne use 01 algebraIc operatIons 

C!rdelll's lhesis detnonstrales Ihat algebraic lechnlques can elfeclively be 

applied 10 several a5pects 01 VlSI design. He places emphasis on casting 

ltll problems Involved in a simple framework. InvolVing a small number 0' 

pflmilive concepts. In comparison. our Ih~sls Is bOlh less fo~mal and less 



wide-ranging We consider only synChronous systems. using a disCrele time 

model. Our nolalian Is not designed lor use wllh 8synChronous or re81~1I,"e 

!oystems. Ttll. simplilicalion allows us 10 use a small number 01 combining 

lorrne 10 describe Ihe various comblnallons of subclrculls. In parllCular. we 

are Iree 10 use a very simple lorm or composillon. whIch. In turn allows d 

10 use 8 variable free language. 1hls makes II easy for us 10 periorm prools 

showing thai a given comblnalion 01 circuli elemenls has a cerlaln behaviour 

CardeHI uses OJ more general form of composition. and so. prools of 

eqUIvalence between CIrcuits are more dl!lICul!. Car de IIi uses formal algebraiC 

lechnlQues and provides hiS own malhemallcal bas,s We rely on Olhers 10 

provide Our lormal basl~. In that we rely on the e,!lstence 01 Ihe e'ge~ra 

01 lunCllons 01 FP. Wflal the theses do have In common Is an allempt to 

lind simple solullons to the complell problems 01 VlSI design 

Olher workers who apply algebraIc techniques 10 the problems 01 VLSI design 

lire Gordon (Gordon 821. whose work wal mentioned earlier In this chapler. 

Mtlne IMilne 82a. 82bl and Subrahmanyam rSubrahmanyam 83J. 

GOrdon models register lfansler syslems using sequential behaviours. He 

uses algebraic techniques to express and reason about specifications .end 

Imptemenlation~ at several dillerenl levels 01 abstracl,on. His verification 01 

nMOS devices Inspired our allempts 10 dO the same The lhird example 01 

chapler 4 is a repeal of one 01 hiS elamples. Gordon also proves cortec, 

oil micro-coded i,."plemenlation 01 a small genNal purpose computer He Is 
~~ --_._-­

currently investigating melhods 01 automatIng hIS proofs of correctness He 

h.:ls al~o e..lended h,s mod~1 10 cope With bld,rechonal deVIces SUCh as pass 

IranSISlors. 

MIlne works on the deveiopmeni of calculi or languages which can be used 

to deSign circuits lunCltOnally end 10 verily their correclness wllh respecl 

10 specilicalions. He has developed a calculus for Ihe description 01 circuil 

behaviour. CIRCAl. The calculus Is evenl-drlven and a CIRCAl expres,ion 

describes how a computing agent reacts to Ihe !.lchange 01 stimuli with 
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It! environmenl. A compuling agent has named pOrlS and the compos ilion 

o~ralor links similarly named porlS belongIng to dillereni agenls The agent!. 

.Change Information over the hnes thus crealed. CIRCAl has a sel 01 law~ 

..Uch lacllitate reasoning aboul clrculls by the algebraic manipulallon 01 

CIRCAl expressions. In lMllne B2bJ. the correctness 01 8 simple silicon 

compile, Is demonstulled. A "high" level language 01 Nor Elipressions Is 

compiled InlO « I.yout ,.ngullge with a sln....o.le. primitive. the NOR gale. 

Simanlic Junellans 8re given. which map both the high leyel Nor b:presslons 

ard the circuli level layout Expres-slcns InlO CIRCAl. The silicon compiler 

IS proved correct fly showing Ihal both the Nor ExpressIon and lis 

ccrres'po~clrcuil layout produce equlvalenl CIRCAl ellpressions The 

lechnique Is applicable 10 more complicaled silicon compilers. Ihough an 

automatic Iransformaiion s.ys.lem lor CIRCAl would prObably be reqUired. 10 

a!~lsl In the proof. 

ISLIbrahmanyam 831 Is. concerned wllh the synthesis 01 YlSI clrculls Irom 

hl~h level behavioural description•. The formalism Introduced Is designed 

10 provide It rigorous basis lor Ihe consirucllon 01 transformation systems 

ard a Irameworlt for proving correctness. The same ~el 01 algebraic 

primitives Is used 10 model Ihe three levels 01 aOslraclion - funCllon81. 

arc:htleClur81 and electrlclli. The paper describes Ihe Irern.lormatlon of high 

18'81 behavioural doscrlpUons InlO lower level archllectural descriptions. 

Hese low level descriplions are ellpressed in a high lewel progremmlng 

la~guage With ~ome special conslructs lor hardware descriplion. The nelll 

~I!P is 10 translorm these SlruClural descriptions Into coUeclions. of Slate 

m.chines which conlrOI the 1I0w 01 dala between hardware representations 

01 the required data SlruClures. The stale machIne descriptions are translaled 

InlO symbOliC cirCUli layouls. and honce inlo mas.1t geomelry. 

Mlny 01 the researchers menlioned above have been greally Inlluenced by 

Milner', worlt on ces (Milner 801. More recently. MilAer has Inlroduced 

S,nchronous ees. (Milner 821 whiCh cen model both synchronous and 

asynChronous compuleUons. He lirsl considers synchronou:s systems and then 
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Sho s thaI asynchronous systems can be characlerlzed 8S 8 subclass. He 

sho s thaI CCS .5 precisely derivable 'rom sees. sees conlalns only 101lr 

combinators and a COnslrucl lor recursIon but 11 Is remarkably expressive. 

The calculus is approprlale 10 lhe description 01 distrlbuled programs and 

Jl may also be useful fn hard.....are descrlp1l0n. One of Ihe examples given 

Is a prool thai Ihe !amiliar comblnallon of t.....o NOR gales 10 make an AS 

!lip-flOp behaves as one mIght expect 

Although muCh ....or~ in lhe areas 01 VlSI description languages and design 

tools takes no account 01 1he need for lormal verification, the success 01 

lhose ..... ho try 10 provide simple sotullons to complex problems by Ihe use 

of algebraic methods gives some hope lor Ihe lulure. 
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Conslrelned Communlcallon 

Cllnslralned communication I~ an Impor!anl requirement of a VLSt design 

laftgu8ge. but one whiCh Is ollen Ignored. 11 IS widely agreed thai one 01 

lhe fundamental properlles or VLSI Is that complex computallons can be 

realised by a large number or proce~ses. operaUng concurrer111y. The , 
Challenge 01 VLSI Is 10 lind ways 01 harnessing this C0'lurrency. wl1hout being 

overwhelmed by il. Merely 10 Implement bigger lag leT- sequential machines 

is 10 lail 10 take lull advanlage 01 Ihe pOlenllal. New arctlilectures must be 

Ol5covlned, Re~earch InlO systoliC archlleclures. which are designed to make 

opllmal use 01 ptpohnlng and parallelism 10 give high performance. I~ 

~y lhe mos, ,advanced Work In Ihls Area IKllog 79' BrAn( Kung 82;. 

FosiOr. Kung 79: Lelserson 81; Kr8mer, van Leeuwen 83: Evans. McWhIrter, 

W()od. McCanny. McCabe 83: McCabe. McCabe. Arambepola. Robinson. Corry 

821. 

M()tlvaleo by the Imporlance of concurrency. mosl researchers choose to 

charaClerlze the circulls lhemselves as collecrlons 01 sequential processes . 

.-hlCh communlcale with each other along named lines or channels or 

Ihrough named POtls. Thl~ Is an unconSlrained lorm 01 communication. ,he 

network Of processe~ can lorm an arbitrarily complex graph. with 

sJlaghetlHlkO communicaiion lines. This causes prOblems. First. the layoul, 

in two dimensions. Of an arbiuary graph Is a hopelessly difficult task. Second, 

Ihls approaCh 'onores an elltremely Imporlanl properly of VLSt. the lac! lhat 

.-hlle local communicaiion is Cheap. glObal communicallon Is enormou~ly 

e..pen~lve. A ~ys'em In whiCh communicallon Is through named POrl~ ~ 

10 (l"tingtllSh global and local communlcallons. Third, unconstrained 

C(lmmumcalion oreally complicales Ihe prools whiCh must be done when 

reil50njng aboul Circuits which are composed 01 subclrcuil$ 
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When rea~onlng aboul circuit behaviours. the most common form 01 Identity 

whiCh we need 10 prove Is that "the composillon of A and B has the same 

behaviour as C'. In a design language. the way In WhiCh !he composliion 

01 subbloCks Is defined (which determines the allowed forms oj 

communication) ha~ a great bearing on Ihe ease with which proots aboul 

the language can be performed. One 01 our requiremenIS lor IlFP wes !hat 

II shoulCl allow the designer 10 reason about hiS circuits. using simple 

algebraic laws Another requiremenl was thai II ~hould capture details 01 

layout. Unconstrained communicaUon makes bOlh reasoning and layoul 

ddhcuH and so we resirici commuOlcalion by allowing subbloCks to oe 

combined only in simple ways. We consider only reclangular subblocks and 

uselul ways of WIng lhe plane wilh Ihem. In the simplest form 01 .ufP, 

commun,cation only lakes place across the vertiCIII "tile' boundaries. In Ihe 

edended form. there Is communication across the horjzonlal boundaries. In 

ellher case. only adjaCent subbfocks communlcare The result Is Ihal Ihe 

circuli Is easy 10 lay oul. We usa a simple recursive lechnlque. as explained 

In chapter 6. 

Although we use a simple nollon of compOSition. we can slill ellpress systems 

In which Ihere Is glObal communlcallon (lot example. a wire which "bypesses" 

-- -, .. _­-
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WO feel Ihal our use of consirained communication dislingulshes our work 

Irom Ihal 01 olhers In Ihe lIeld. tAupp 811 Identifies a problem which arises 

when performing hardware compilation using a complelely general 

compos Ilion 'cheme. The ·,Ide assignment" problem occurs when allempllng 

to wlra up a sel of componems In a bOllom up manner. The components 

ara dIvided hierarchically Inlo one-dimensional ,Uce'. A sUce In one 

c1lrecUon contaln~ an o~_dered !!!! 01 allce_, In Ihe---.!>,Ihogonal dlreCllon. Thus. 

II t....o-dlmensional arrangemenl can be specllieo A circular problem arises 

when one lries to orienl Ihe componenls 01 a slice and 10 assign logical 

signal' 10 Ihe slOes 01 lhe !olice_ To pedorm either operation. one ....ould 

.!!~!L~l!~~ . already perlormed the olher! lttis Is Ihe ~Ind 01 problem 'hal 

arises wtten one tries 10 lay oul an arbinary graptt. Aupp points oul thai 

Iha ullimale quallly of a ,lIIcon compilar appears to be Iimlled by lis sOlullon 

10 tha "'af-cell ,Ide assIgnment problem. We avoid Ihe problem by 

demandIng lhat global communica1l0n be represented expllcilly. The amount 

01 globa' communlcallon In a cirCuli Clescrlplion could be used as a measure 

01 the quamy 01 Ihe corre,ponCllng layout. We hope. In lhe comIng year. 

10 Investigate heurisUcs lor linding ·optlmal- layoul!o. 



Funcllon level Reasoning 

An Imparlanl properly of lha FP programming language IBactws 78. 8ll Is 

Ihal 11 has an a ssoclale., algebra 01 funcllons. ralher than an algebra 01 

compuled Objects. The "cells" on In legrated circuits correspon" 10 functions. 

hen lhe wires can be Ihoughl of as Idenllly funCllons Objects SUCh as 

signalS "appear· Irom outsl.,e Ihe Chip an., are manlpulaled by these 

lunclions. Since we W8nled 10 reason abOUI clrcul1 behaviOurs and 10 

Irolln510rm CIrCUli descripllons 10 InvesHgale .,llIerenl layouis. we were drawn 

10 FP. whIch allows Ihe programmer 10 reason aboul his programs by 

manipulating ~hem 

The work 01 Kleburll an., Shullis IKlerbull. Shullis 811 Is relale" 10 OIIrs 

In Ihal lhey transform FP program schemes 10 Improve ellic1ency. They have 

loun" thai. In earlier work on Iranslorma!lon. Ihe use of variables In lisp-like 

languages has Inlerlere" ¥with Ihe h:;len!llicallon of superficially .,Isslmllar 

programs as Inslances 01 a common scheme The variable free nOla\lon 

01 FP seems 10 be easier 10 work wilh. We 'In" Ihat 11 greally lac/H18les 

reasoning atloul circuilS tly allo...,lng us 10 avoId Ihe unconlrolle., 

communlcalion whICh complicales prools 01 correctness. II Is the absence 

0' aube,p·,sslpns_hJch denole _!!@J~__ valu~_s ~hlch "p.~..!....m-.!!s the. ~~_be(llling 

01 layoul InformatIon In our behllvloural .,escrlpllons. Our .,escrlptlon, CO",lst 

only 01 combinations of functIons. ana each lunctlon can be assoclaled with 

oil "hlOCk" in Ihe CIrCuli layoul in an unambiguous way. 

A Clrcuil e_presslon is ellher a primitive functton or a combination 01 clrcuil 

expressions an" so. a CIrCUli can be described In a clearly hierarchical 

milnner. A very ge"erat composition scheme may btur Ihe e<Jges of the levels 

01 hierarchy. 



S~me researchers use Imperallve languages for circuit descrIption 18arbaCCI 

11; Desmarais.. Shaw. Wilcox 8:;:'; Rolh 81: lewke, RammIng 83). However, 

ttl! OeSlruclive asslgnmenl 01 Imperative languages nol only Complicales 

rl!&sonlng aboul programs. but II also ·Ioses· valuable strUClural Informaiion 

Ilwe are bee 10 assign 10 a variable anywhere In the program. II-becomes 

di'icut1 10 assoclale a simple circuli Slructure wllh Ihat program. For these 

rasons. we have chosen 10 use an appllcallve language as our basis. Many 

howe made Ihe same decision ([]abiker, Fleming, Milne 83; Cardelll 81: 

Gordon 8L Johnson tl1J. Johnson describes hOw recursive s.vslems of 

ecuallons can be used 10 e.press cirCUIt behaviour. As in JJ.FP, he uses 

slreams, which are In'mite sequences 01 Iinl1e elements lor Inpul and output 

IIne"ii "encoded In Ihese slreams-and he -uses an output drive~st 

pnceulng syslem. with lazy evaluation. 10 run hiS programs. As In our 

SCl'lanlic equauons. he mUSI face the problem or keeping Ihe types right 

by transforming slreams 01 sequences into sequences of streams and vIce 

versa. He uses. a form Or lunction appliCatiOn WhiCh aUlomallcally transposes 

thE Input and a funCtion WIre which repeatedly applies the Identity function 

10 perform Ihe IwO reqUired transposllions. 

Our conclusion has been Ihat II a descrlpllon language Is to be used lor 

reasoning about circuits. It mUs.1 be tree hom side effects, Reasoning at 

the function level allows. us 10 associale a Itoor-plan wllh each JJ.FP 

ex~enion in a hierarchical manner. since eaCh combining form has a 

silliple Qeometrlc Interpreiahon 
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Abstraction and Hierarchical Structure 

Hierarchical decomposlllon 15 an Important way 0' managing complexity In 

VlSI design. ISuzukl. BurSlalJ 82J describes a VlSI MOdelling language and 

system In whiCh user-dellned abslracllon (or the ablllly to parllijon a syslem 

InlO arbitrary subparts) Is an Imporlant fealure. 

IMasulawa. Nakauchl. Wada. Haglhara. Tokura 831 describes a SystOlic 

Algorithm Descrlpllon language. SAOl. The languaga Is designed lor use 

wilh a CAO syslem which supporlS the algorllhmic design phase. II aHolil's 

VlSI algorithms to be designed hIerarchically. An algorHhm is Implemenled 

by a netwOrk 01 Interconnecled cell,. A cell has .an exlernal specllicalion. 

which gives details 01 how the cell behaves against Inpul data It also has 

a reallzallon dellnilion. which describes how the external specilicalion is 

Implemenlad. using a natwork 01 lowar level cells. The cell also has 

Inlorm.llon on Jls performance. lor example. delay lime. power consumplDn 

and tues. These may ba estlmaled or aClual measuremeniS. This system 

makes a dallnlle allempl to saparate concerns In a hierarchical way. The 

system Is currently used with simulators. H01Wever. the authors h<Jpe 

eventually 10 use some lormal descrlpuve method tor the exlernal 

specilication 01 cells. so Ihat they can perform automatic or semi-aulomtlilc 

lormal verlflcallon 01 their designs. 

Rem IRem 8 I. 83; Rem. van de Snepscheul. Udding 83J argues eloquenlly 

the need lor hierarchical Slruclurlng 01 designs. He argues thai the 

~pecihcallon 01 a component shOuld n-or--refieci ils inler1'-al slruClure but 

~hould deline only how the component looks "Om Ihe outside The 

correctness of a component is checked Imathematically) by comparing Ihe 

behaviour 01 the sel 01 subcomponenlS leach 01 1Which has a preCise 

~peciticalion) wllh the requIred specllicallon. Rem characleriles a componenl 

by the sel of traces 01 ils pOss!ble commvnlcaUons with the outside wmld 
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He then descrIbes ways 01 compo sino camponenls. Communlcallon Is the 

ellnlnlllon 01 common alams In 'rlces. He shows how Irace theory can 

be used to re~ISO.' aboul and prove properlles of hierarchical components 

By using II compos ilion operalor which eMpreSses the delay belween !he 

seNding and reception 01 signals. he formalizes lhe nollon 01 

delBy-lnsenslllvlly. He gives some eM,amples 01 Ihe lranslallon 01 hierarchIcal 

componenls lnlo self-timed clrcul1s. [...an de Snepscheul 831 extends lhe work 

of Rem by deriving circuits Itom lhe prOQrams describing his hierarchical 

ccmponenls. First. Ihe campanen. I, transformed sO thaI the composition 

of subcomponents Is sell-limed. The subcomponents are lhen Implemented 

as Mealy- or Moore~llke finite Slate machines. wilh a communications 

protoCOl belween 'hem. Trace theory has slmilarllies 10 Hoare's CSP (Hoare 

811 but. al present II lecks the expressive power of CSP. Reasoning e' the 

lel'8l of IndIvIdual traces IS dilllcull 11 Is hoped thai new theorems aDoul 

Ir~ce Slructures will be lound. 10 allow reasoning about components. 

Alhough we have laken a very dlllereni approaCh. we agree with Rem both 

on the need 10 use lormal melhods and on the ImpOrlance ot hierarChical 

deeomposlUon. In ~FP. the origInal circuli. whose precise speclficaiion Is 

known. can be decomposed Inlo subclrculls. eaCh 0' wh Ich has 8 precIse 

sprcillcallon. Using the speclflcalions 01 Ihe subclrculls. we can check thai 

Ihl chosen comblnaUon Obeys the original specllicallon 01 Ihe Circuit. Only 

w~en lhl~ has been done need we consider how Ihe subclrcuils ere 

Implemented. Thus. al any level. Ihe designer need onty conslCler Cletails 

wNch are appropriate 10 lhe design deCIsions WhIch must be made al lhal 

lelel. ThiS ability 10 aDslraCI away from irrelevant details is vital If we are 

10 design large ~yslems reliably. 



Chapter 8: ConCluslon.nd future Work 

we ha....e presenled ILFP which has many 01 me properlles which we ha ...e 

sugge!.led go to make a good VlSI design language. It Is simple. being 

made up 01 prlrnlti ...e hmclions and a small number 01 combining 'orm~. 

Elecau!.e the combining forms have geometric as well as semantic 

InUHpretations. Ihe language can be used 10 describe both the behaviour 

3nd th6 layout 01 ClrCUllS II 15 concise and mathemal1cally tractable The 

conCi~ene~!. can m.lke the language dillicult to re~d at lirst. bul we ha ... e 

lound th<il one tlecoml:!!. lluent WIth practice. We gt...e the lormal semanlic!. 

01 ;;.FP in term~ 01 FP an" Ihe lact thai we use only a restrIcted nollon 

Of stJIte allows us to retain many 01 Ihe nice algebraic properties of FP. 

Thu&. Ih6 designer can raason about his circuit descriplions by manlpulallng 

tne descrlptlon!'i Ihemsel...es A prOOI thai t....o circuit descriptions ha ...e lhe 

~ame sem3ntlc!:- Is done by Iransforming one 01 Ihe descrlpUons Inlo lhe 

other. using the algebraic I.]w!.. 

~FP I!; a ..... riable Iree language In whiCh we reason aboul functions ralher 

than about Objects. Tne ...arlable Iree nOlalion allOWS""10 use a constrained 

fOrm 01 communication which lacllitates proofs about comblnaUons 01 

subClrcults 11 Ie. dlfllcull 10 perlorm IUCh prools In a system where 

communication Is through named P0rlS Or along named Unes or channels. 

Unconstrained communication also compliclues layoul. Our deflnillons 01 

compO~!Uon 'lre ~uch /hal they Imply only local communic:81i0n. We conSider 

only rect.1ngular subblocks and uselul ways 01 tiling Ihe plane wilh them 

Tne ~esull IS Inat Ihe r.irCuil corresponding 10 any Jl.FP elpression can be 

laid OUI u:;mg a Simple reCursive teChnique 

The use 01 lunction le...el reasoning Is appropriate to Ihe structured 

hierarchical design methodOlogies whIch are ...ltal 10 the management 01 

complexity ILFP allows circulls 10 be described In a clearly hierarChical 

manner. A CirCuil exprassion Is either. prlmlli ...e lunClion or a comblnallon 

of circuit expreSsions The designer can decnmpose his orlginel Circuli 

Iwhose preCise speCification Is known) Inlo subclrcults. each 01 which has 
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.31 precise !:pecitication. Using the algebraic laws 01 I£FP. he can determine 

wt'ether lhe combination 01 Subcirculls oDeys Ihe original specillcalion. To 

do Ihi!:. he need consider only the !:peclllCatlOns 01 Ihe subclrcuHs. not their 

Implementations. This ability to abstraCI away Irom Irrelevant delails Is an 

Importanl pan 01 Ihe hierarchical design method. 

WE have demonstrated the flexIbility 01 the language by using II 10 describe 

chcull~ of vanous Iypes. ranging Irom a comblnaloriai laity circuli 10 our 

m3ln example. 'he systoliC Correia tor In thai example. we introduced some 

sinple bUI powerlul lechniques lor analysing systOliC cirCUIIS Our derivalion 

of the circuli can be conSidered 10 be a proof Of ils correclneu 

We enVisage ;.r.FP Deing used In Ihe fOllOWIng way. The required behaviour 

of Ihe Chip will IIrsl be specilled. Our most abslraCI lorm or circuit description 

Is one which has 8 slngte 1£ on the outermost level. This lorm specifies 

• lombinaloriai circuli and a regIster bank lhrough which signals are led 

b8tk. The designer will use his skill 10 discover a more elegant and elflcienl 

im~8menlalion 01 thiS behaviour on silicon He will normally proceed Ihrough 

se>4ral design Iterationl In this prOCess. moving from Ihe abstract 

tpecillce1l0n 10 a roel Implementallon. He can. al any slage. simulale hiS 

deSign 10 check Ihal hll rellnements have been made correclly. We slress. 

ho_ver. lhal simulation Shoul(( be used as an aid 10 formal reasoning, not 

as I subslitute lor II. AI each slage. lhe deSigner ehould prove <or at least 

satlSly himself) thai Ihe deSIgn Shll obeys Ine specWcallon This can be 

done with Ihe aid nl .l Hanslormallon system whiCh "implements" lhe 

atgeDralc taw~ A~ he p,oceeds through Ine design. the combinaloriai and 

Ihe memory elements Will beCome more and more "mixed up'. Eventually. 

he hope~ 10 reach a satisfactory layolll in which memory etemenls have 

bee~ pieced as noar as poSSible to where Ihey are "needed". So. Ihe process 

01 translating Irom speclllcalion 10 Implementallon can be viewed as one
• 

of PUShfng the 1£5 furlher end further down InlO Ihe I£FP expreSSion. un Iii 

the.,. can go no further. When Ihe design is finished. the #FP description 

01 Ihe Implementallon can be passed 10 the layoul program. WhiCh will do 

Ihe ledlous work 01 laying out the Chip. 
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Tha work just described opens many Inter.sllng avenues of research. The 

following secuons contain brial descrlpllons 01 shl areas 01 researCh which 

parlicularly interest u!;. 

1: Tackle a wider range 01 ...amples end 'etlne the language based on 

'he ex:perlence gained 

II Would be uselul to tackle some complete designs (not lust specllicallon$.) 

In ~FP and in some other formalism$.. ThiS would allow us to compare 'he 

expressi...e power alld ease 01 manipulallon 01 the languages being 

con$idered We WOUld like to refine ~FP IntO a small but powerful langLJ8Qe 

whose combining lorms are ellactly those which we need 10 describe genertU 

Integraled cirCuilS. A!; my super... lsor has suggested. there may be a !;matler. 

more elegant language in thare. wailing to be rele.sed 

2: 1I1'o'••'lg.la lhe usefulnass 01 lempor.1 logic and 01 other calculi lor 

,e••onlng .bout saquentl.1 Inlsgr.led clrculls 

Temporal logiC seems well sullad 10 re.!Ionlng .bout Inlegrated clrcul" as 

theV change o...er lIme. Conventional logic can be used to reason about 

comblnalori.1 circulls and tempor.1 logic has the necessary ellienslons 10 

allow us to ra.~on ebout Circuits wllh slale. We would like 10 In...estlgate 

tha relationship between lempor.1 logiC .nd ~FP-.------·--

WP. hope 10 in ...estigale Ihe uselulness 01 ....rlous other c.ICuli lor reasoning 

.boul integrated Ctrcults. The lunctlonal models of CSF' developed .1 Oxford 

bV ReineCke may pro"'ide an appropriate lormal basis An allernati ...e wovld 

be 10 use a subset Of l. lhe formal specification language developed al 

OdOrd bV Abflal. Sulrin el 81 (Abrial B2. Sulrin 82J Milner's SynChronous 

CCS al:::o seems In have the required combination 01 expressl...e power end 

manipulative lluency. 



Us 

t InwesUgate lhe extension 01 ,..FP 10 deal wllh asynchronous circuits 

jFP. as It slands. Is suitable lor describing synchronous circuils 

~ynChronous circuits. especially those using a two phase clock. are very 

tommon. However. In some applications. there are problems wllh the 

lhtrlbullon of a clock. and II is necessary 10 use asynchronous circuits. 

II a sell-limed system. lhere Is no master clock and temporal conlrol Is 

lleteg.ued 10 the elements of Ihe system. A sell-limed system Is either a 

sell-limed element -0' a- legoal interconnection ot- seW-limed system!;. The 

ll(l~lgn of sQll-limelJ elemenls is dililcull. However. the system designer. 

o~ulppelJ With Ihese elemenls. Is free 10 abstract away hom many 01 the 

physical delailC 01 the syslem. We hope 10 eillend p.FP to deal wllh sell-timed 

~~I11L__.ru:1.. In Invpwge'. 1128 y,elt~11"8ss Of·te.I,pOlat ~m-reaso,;Tng 

about such systems. 

4: Write a prototype complier Irom p.FP 10 "oale-.rray· 

The building Of a general silicon compiler Is obviously 8n enormous task. 

A "gate-array compile'" Is a less am bilious projeCI. An Uncommilled logic 

Array (ULAl or gale-array is a ChiP laid out as a regular array oj idenlical 

cells. The cells are usually Iwo-inpu, logic gales. lor example NAND or NOR 

gales. The Chip is customized by Wiring up the gates 10 per10rm the required 

lunction. There are two wiring layers. one 'or horizonlal segmenls. the other 

101 verticill ones. Al the VlSI 83 conrerence. M. Bursleln presented an 

elegant hierarChical routing algorllhm lor gate-arrays IBursteln. Hong 831 

We intend 10 use that atgori!hm in a Simple compiler. 

5: l.4ake Ihe p.FP rransformalion system Implemented by Simon Finn ·smarler·. 

Use lhe system to Invesllgate userul strategies lor proceeding hom a high 

teve' ,..FP descripllon 10 one which Is suitable 'or layoul on silicon 

We would like 10 increase the uselulness 01 the p.FP transformation syslem 

by Incorporating some torm 01 "goal directed· translormallon. The syslem 

wo~ld then reflecl more Closely Ihe way In WhIch design Is normally done. 

We would like 10 use Ihe system 10 Inllestlgale strategies lor transforming 

• /lFP expression Il"ilo one whiCh gives an "efficienl" layout. There will be 

• dose connection between this work and rhal on the gale-array compiler 



6: InyeSllgate sySlOllc architectures 

VlSI gives us the possibility 01 perlormlng enormous numbers 01 

computa1lons concurrenlfy_ We mUSl lind ways 01 harnessing Ihls 

ultra-concurrency_ Sy~lotiC archl1eclUres. In which a large number of Idenlical 

cell~ operate r hythmlcalty on Ihe data. can be used 10 Implement some 

algorithm~ very e1tlclenlly. We hope 10 Invesligale ways of Iranslorming 

non-systolIC jrilplementa1l0ns 01 algorithms InlO systolic ones. 
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