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Concurrent Hardware Alternatives for the Implementation of 
the Binary Hough Transform 

Lm·iano da rontoura Costa 

RESUMO 

Altc•rnatiwts do> llardwart> concOtT<"Ill<" são consid('raclas para a implemt>nt.açiro da t.rans­
formacla bi nária de llough, uma t.écnica simpi<>S P ~>fc•t.i va para dt>IPcçào de barras digi­
tais. As a lt ~>rnat i vas ronsideradas incluem: p rocessadores dt> alto desemp{·nho para uso 
g('ra l {lransputc>rs c Tr. I S:J:lOl'~O) , o processador de imagens pa.ralt>lo r. IAJ>P:l200, drcuilos 
lúgkos di~<'l'f't .os <! VLSI digita l e de nmlti plos-va lores. Os nr~rit.os e limi tações dt> cada tnua 
clc>st.as op~·Õf's para a irnpiPtllentaçào da. tra.nsfonnacla binária de llough ~ào discut idos. 

ABSTRACT 

C'oun rrn•nt. hanlware alteruatives for t he implem('ntation o f I lw biuary llough t.rans­
fonu. a si ntpl«> and )'('L effedive techuique for digital bar detect.ion. art> pr«>senlt>d and 
dis<·ussPd. The all~>rnat i1·es considered in I his paper indmiP: genf'l'al purposC' parallel 
pr<ll'e~sors {I ransputers aud Lhe TMS:J:lOC40) , thP para li<;' I image proc·C;'ssor r. tAI'P:l:ltJO. 
(lisnPIC' logic inlegrated circuits a nd VLS I (digital and mult.iple-valued cirntits). Eadt of 
t lwse o ptious is discuss('d with I'('Spect to t heir rdati ve merits a ud short coruings as IIIPilns 
for bimrry ll ough tra nsfonu imple mentation. 
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1 Introduction 

lt is difficult lo Lhink of anoLher image processing or compu ler vision lechnique I h ai h a~ 
become so popular as Lhe Hough lransform - HT [I, 2, :J]: it sullices to say thal ahouL 
400 papers in lhe English language on lhe Hough transfornt had been publislwd nnl il I !J!ll . 
The HT. introduced as a patenL in 1962 ['i]. was !ater related Lo otlu~r IPdutiquPs such 
as leutplate malching [5], Radon lransfonn [6], Fourier lransform [i] aml projed ions [8]. 
lts underlying principie consists in mapping Lhe image feaLure elenwnls, usually l.ile edge· 
elemenls, iulo a discrele parameler (or Hough) space in such a way that peaks in I ht> laLt('r 
indicale possible instances of Lhe sought pat.t.eru in Lhe image. The current popularit.y of Lhe 
IIT can be explained by its following interesting properties: (a) iL is simplf' iind dft>din·; 
(h) iL searches simu/ta,eously for ali Lhe insLanres of Lhe sought. paLiern in tlw iu mgf"; (c) it. 
perfonns image segmentation and pararnelric liLLing; (d) it allows certa in levei~ or l.olt>riint·e 
Lo disLorLion, ocdusion or noise in Lhe image; (e) iL invoh·es less <'Otnpul.alional rontplt•xi l.r 
t han ntany oLher patlern recognil ion a lternative« sudt a~< lt>mpliii.P ntnl ching aml (r) it i~ 

particularly suitable for implementation in parallf.'l hardware and software [I. 'L :J. !J]. 
AILhough HTs can he generali:;o;ed for detecLion of other curves and gPneral pai t.Prns [:l]. 

it is Lhe HTs for slraighl liue detecLion LhaL allow Lhe hesL performance and simplid t.y. In 
fact , digital sLraight line segments as well as Lheir generalization as digital bar segnwnl.s 
(3, !l] are represenLalion elemenls specially relel'anl lo natural anel coutpllt(•r ,·ision for 
Llw following reasons: (i) any digitized cmve can be represent.ed or detected in tertns of 
digital straighL line segmenls and (i i) the manunalian l'isnal corl(':< is in gre11L part orientt'd 
lo detecLion of bar segmenls [:J, 10]. The series of possible analogit-'5 rect·nLiy esl.alJiisht•l 
betwet"n various of the IIT aspects (e.g. modularily ilnd p11rameter space organi?.al.ion) 11ntl 
l he processing occurring in Lhe mammalian visual corte:; [li. 12, 13] ha,·e pro,·idNI furtlu·r 
support. t.o t.he IIT as a specially significative pa.Llem recognition technique. 

Four issues have been identified as the principal barriers for l he achievemenl. of versali l(' 
and powerful computer vision systems: (a) need for rt'al-time execuLion of a la rge amount 
of i11pul data for which conventional Vo11-Neuma11n machines hare often proved to be 
useless; (h) need for improved visio11 models a11d algoritluns: (c) lack of knowledg<' about. 
lhe 11at ural visio11 systems which h ave bee11 used as basis for many compu ler ,·ision sysl em~ 
and ( d) poor gray-level and spaLial resolutions commonly adopted for inmge I'<'J>l'f'S('ntill ion 
[14). It should be emphasized thal the odds o f obtaini11g real-time \'ersal ile compu ler 
vision syslems are improved whenever more than o11e of such banit>rs are simultaneously 
addressed. For i11st.ance, l he development of improved algoritluu~ should ai I h(' O\tls<'l. lw 
oriented to parallel hardware or software implelllelltat.ions. E,·e11 issue (t·). whidt relies 
primarily 011 biological experime11ls, should be atla<·kcd hy t·ompnt.t•r l'ision n•sf'atTht ·r~ in 
lhe sensP of achieving cross-fertilizalion hetween hiologi<·al d~ta and fornutl mntpnlat ioniil 
models [15]. 

The efforts report.e<l in lhe presenL paper are p~rl of a bigger ongoing proj""·J ai m""l at 
Lhe developmenl and implementation of a versatilt> framework for real-! inw iut<•nn<>tli<~IP· 
levei vision [16) capahleof describing a given input image in lt>rms of il s digiliil b11r st•gulf'nls. 
Issues (a) lo (d) above have been considered from lhe very beginuing of Lhe project. dt.'l't•l­
opment. This paper is aimed at lhe assessme11t of the ild,·autages aud shorlt'omiugs allow ... l 
hy severa! represcnLaLive concurrenL hardware alt.ematÍ\·('s (pipdinP, systoli<' or \'t•clorial 
struclures) for Lhe implcmenLation of t.he hinnry llough lransfonn IJIIT. whidt is thl' hasis 
of the a.bove n>entio11ed framework. The BIIT is a variation of thP stilndarcl IIT for slr<~ighr 
line deteclion which allows some i11teresting ath·ant<~gcs such as no need for protl ucts 1111d 
table look-ups and ca11 be calculated withoul <~ny rounding errors in integt•r arit huwlic 
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(fixl'd-poinL). 
ThP paper starts hy specifyiug lhe prohlem aud {ollows hy presentiug the nll'l' aud 

t hP ~PriP~ of paralld hardwarP optious for its impiPIIlPntation. wl1ich inclndi'S: general aml 
sc•Jni-gr-nNal pnrpose processors (t.ransputer aud Tl\IS320C40), lhe parallel image pro('es­
sor l\ IAPP2200. discrele logic iJitPgraled ci rcuits and VLSI (digital and multiple-valued 
cirnJil-~). Tlw pa1wr coudndes wi t.h a discussiou of the relative advantages and disad\•au­
t ag<>S o f I. h .. <·ousid••rPd alterual.ives. 

2 The Bina1 y Hough Transform 

Tlw UIIT is a v;u·ial.ioll of t.he staudanl IIT for digital har delection [9] whkh is hase<l ou 
1\kllroy's modelling of digital straigh !ines [li]. Each point P = (.r , y) of 11 digital b11r in 
l.lw inmgP dPllaws a digital har in l he panunPler space in such a way that any poinl in lhis 
lall ~· r digit.11l har deflnc•s yet anolhPr digital bar in lhe image spa<·e wl1 ich cont11ins P [9. :1]. 
Thc• di!(ilnl l><lr assoda.led to PadJ paranll:'lf'r spare poiut. Q ro•wspoll(ls to il s ' rP<'Ppti vr­
lic·ld'. i.c~ . a high <'Olllll will he obtaiued in Q whelleH•r the image co11lains a linf' falling ou to 
llw 're•· .. pti,·r- liPid'. h is st raig htforward to verify that pan11neter space poi11ts l ~·ing ou a 
\'c•rl ic;,l liu .. will deli11e a f11mily of pal'illl .. t digit11l hilrs iu t.he ÍJnagP space. 

A possiblt• fonnnliltiou for the UIIT is giveu hy expressiou ( 1). where j is a posilin• 
inleger. M aJI(I C art• ri'Specli\'ely the har slope aud intercept and NM is the amouut of 
sluw· Mlmplc•s. For s impli<'ity 's sakf•. NxN inwges nn• assnuwd and I he inti'I'('PJ>l resolul ion 
is lixl'd lo he I (thP gl"nPral expressiou CiUI bP found in [:J, 9]) . In order lo co1·er ali I.IJP 
pos~ihle slopes. exprl'ssion ( I) h as to he applied o1·er e\'el',\' image feature ele111ent I' = (:r. y) 
arrording lo t he four coonlinale lransfornmtions gin.•n by ( 2) to ( !j), The aC<'IIIIIUiator 
arra.1· is int'l'C.'lllt'll\ed for l'ach o f lhe produced instaures of (',. aud i. 

('..(i)= y,.- i.(.r.,/Ntll) 

whNe NM = 2', 
(IJJ(/ 

i=0.1,'2 ..... NM 
(.r.y) = (.r1.y.J (1' = 1) 

(.r.y) = (.1·1 · i\'- J - Y1l (1'=2) 

(.r,y) = (yJ .. r3) (\'=:1) 

(.1·.y) = (y4. N- I- .r.1) (\'=~) 

(I) 

(2) 

(:J) 

(~) 

(!i) 

Tlw UIIT presl'nls thP followiug inlcrPsting f<'alures: (a) by processing lhe produd ~ 
I hruugh <lt't'llllllllatPd addil.ious. lhe UIIT can be cxe<·ut!'d wit hout produfls or tabl<' look­
ups: (I>} il <~llows optimalulilizalion of tllf' mcmory rcquired for lhe llongh spa<"e r<'prest·n· 
I <~I i ou [I S. I !1. :1]: ( l') it can bP performed wit houl rounding ('rrors in lix('d-poinl ar i I hm('tir 
<111<1 (d) il has hPen expcrim<'ltlnlly I'PI'ilied l.h<~llhc UIIT allows perfornwn<"e approximalel.'· 
<'<IIIÍ \'<II<·nl to olhl'l' sla udard II Ts in resp<•ct to lhe amounl of false aml broken liuPS aud 
lo p111':0111C'Ier I'NiinJalion errors [:1]. ThP UIIT 11 lsu Jll'""'t'nl~ 5<'1111' shorll'0111i11gs. t'OJI11110II 
lo 111osl olhPr IITs . snC"h iiS llw farl ll1al soi!Jt' tligilal hars ('ali lw lruuraled or rc•pli<'nlc•d 
clurin!( cl<'lc•c·, iou a11d lhal no infurnwt iou aiJUut llw inmge t·onnet·li,·il y is produt·Pd (SIHII'SI' 
poinl s <'<In lw d.-tect••d M l><~rs aud llw c•xl n·•nil ies o f <Kiuill lmrs iii'P nol clc•lt'rniÍllP<I ). Uol h 
llwsc· proi>II'IIJS •·au nc·\·l'rllwless bo· .-asily t'ÍITIIIII\'<'IIIc·d h.\' post - IHIT IH'Ol't·ssings ( rc•sp<'<'· 
I in·l.1· a llll'rp;in& aud <'onnc•<'l i1·ity analysis ~lil)!. .. s) [!J. :!]. 'l'lw allluunt o f f11lsc• JlPilks ri'SulJ.ing 
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in lhe Hough space can be r<'duced by adopling C:erig 11nd 1\lein'g slrillegy d<·~nibPd in 
(20. 9]. 

3 Parallel Har dware for lmplementation of t he Bi­
na ry Hough Transform 

Ueing an imporlanl inlermC'diate-lewl compu ler 1•ision tcrhuiquC' orten rC'qnired lo ntn in 
real-lint(', tm1ny concurrenl hardware struclures ha1·e been considerPd fo r llT implemPttl a­
liou (2, 21. 3]. Although ilhas bcen experimenlally 1·erifiC'd thal liTs are not partirulnrly 
suitable for implementation in bidimens ional1>rocessing ilt't'ay~. lllf'y han· pron'<l lo I)(' g<•tt· 
Nally suitable for impiC'mentat.ion in dedicnled nrchitcctures nnd linenr Sl ~IO and M 1~1 U 
arrays [:J]. A mnnber of dislincl concmrent hardware allernatin•s are considl'red as 111ean~ 
of IIT implemC'nlation in lhe next subsections. 

3.1 C o ncurrent Microprocessors 

3.1 .1 Transputer Networks 

Th(' lmnspulcr was int roduccd by IN~IOS as 11 sclf-cotti<IÍttC'd microprocessor 11·i1 h ~upporl 
for muiLiprogramming whi<'h can be ttst'd as a buildi ng blol'k of parallel prol'es~ittg sysl<-111~ 
based on Lhe message-passing prolocol. Transpulers werl' primarily d('signf'd to P:<f't'Uie 
thl' paralld language OCCA~I [:.!2] and. e1·en I hough many oLhe r compilers hM·e bt•<"OIIIf' 
connnercially a1·ailable, OCCAM is sl ill lhe language wh id t contmonl.1· a llows I hP l)('sl 
p<'rfornt<ltt<"e. Although the trausputer family currently indudes man.1· oth(•r nte1nlwrs. II'P 
~h ali lw restricled to tbe 'l'·IOO (a more econo mi<" l'ersion of I he T.ll I ) a 11<l I he pupttlar 
'1'800. The T ·IOO is" 3:.!-bit machine which in dueles t.wo <·onmtunical io n serial d1an1oPI~ iln<l 
41\bytc>s of internai memory; Lhe '1'800 is hasÍl'illly a '1'·100 whidt ittdntlí'S I wu addil iuual 
d1anm•ls. 21\bylcs of addilionill internai HAM aml a 6·1 -bit lloating poittl nnil.1·. 

lu I he Spt'('Í fi<" case o f llough transfonn. the effectÍI'<'ttí'SS of parnlld in1piPntt>ttl ai iotts in 
lr11nspul~r ul'lworks is fa1·omed by ~ht' f11l'L lh11l Lhe H'l"s iu pul. i•• Llw edge ••lt•uw11l s . t·au 
ht> processed in any order and const>qnPuLiy the image t"<lge-PI<'tttf'lll~ <"11 11 '"' •lis l rihnt ... l 
11tnoug~l a gil'ett number P of pt·ocessing elemeu ts. Assuuting nnifonn iuput clislrihulion. 
Lhe Ol't•rall HT executiou Lime ht.'comes iu gn•al. part d<'Lt.'l'lltiued hy t.lw inlt'ITounuuuil'ill íons 
het.wcen distind J>rocessing elemenls. whidt is h.r it s turn dPlt'rtniu ... l hy t.lw a•lopted inlrr­
t·onne<"liou topology. Althoug h the edge-elemeuts could ht' di1·itled bt'Lw('('n llw prot·cssi 11g 
<'lt'lll<'lll ~ hy complet.ely disrega rdi11g I. hei r posil iou in t.lw inwgP. 1111' opl ion of pari il ioning 
I h e image iu uuifonn segments, eac:h lo h<> 11ssign<>d lo 11 Slwl'ÍfÍ<' procr>Ssing PIPnlenl. i• 
llf'lle<ofor~h adopted i11 order Lo a llow I ht.' llough spat·<> lo lw also l'OII I't' II Í<'nll .1· p11rl il iolll'll 
(St'e (:l:Jj ). 

Transpnter-hased implemcnLaLion of lhe UllT ha1·c hft'll su<"ce~sfull ,l· npplirtl to st'I'Nal 
11du11l s iLuations such as [24. 25. 26, :li]. Resuh s of expcrÍill<>nlnl p<'rfonll1111<'<' 11SSc>ssnl!'nl s in 
t ransputPr networks (either T~OO or TSOO sinc<' no producls or rf'al arithmctic ;u ·p in,·oln~l) 

11re presented in Figure I. 

3.1.2 D igital Signal Processors - The TMS320C40 

TltP T~I S320(.!.JO is currenLiy l lw mos L rt>CPttL tnPnthPr o f I he TPX11s lnsl ntlllt'nl s T~IS:I:1Q 

digital s ignal pro<"essor family and is a1nongsL Lhe ltighesl l"'rfonmuu·p :1:.~- hil lninoprut·tos­
sors a1·11il11blt' in Lhe markeL, o perating 11t 2i!i ~IOI'S a nd t.r11nsft •ITing dala ;,1 a ralt• of 

UFR GS 
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TnbiP I: Execution times a nd speed-ups for t he BIIT in I a nd ·1 tra nsputers (for 128 samples 
o r th(' ~IOpl' pnrnmete•·) ; N,,, = lllllOUnt of proressl'<l image featnre C'll•ntents. 

N;,, lxT800 tlxTSOO speed-np 
64x6~ 3.-lí s 909 lllS :}.82 
:l2x6~ l .i .') s 4!)9 lllS :J.SI 
16x6·1 89!) lliS 2!)~ 1115 3.!)2 
8x64 46í lllS t:lí 1115 3..10 

:120 1\lhytes/s with a 40ns cyde time [28, 29]. Hs principal featurl's include six paralld 
bidirl'd ional porls, eac:h pro,·ided wit.lt a rf'specli,·e DI\ lA c.:hannel for interprocess c·o•n­
l llun ication~; global a nd locallntse~ ( 100 J\lbytes/s each) for data and program fet ches; a 
·lO-bit float.ing-point/ integer multiplier ALU, a :)2-bit barre i shifter; program cacht> (!)12 
b_,·tc-s) and llatT<mlarchit.ect.ml'. Single precision (:'12 bits) and t>Xll'ndt'<l prPcision (·10-hits) 
float.ing- point. produrts M well as :)2-bit. integer multiplications can ali be executl'd in a 
singl<' r.n· IP. St.andnrd TI\ IS:120C'~O packagPs present :32!) pins. 

The BIIT can be eiTectively implemented in l.he Tl\ IS:J20C'40 by making nsP of Lhe barrd 
~hiftt>rs and DS P-typical add-accumulate and loop controlmechanisms. The 1111'1' regularit.y 
alui uncll'rlying data now ensures t hal t he instrudion pipt'lining in the Tl\ IS:J2UC40 will 
pPrfornt pffPd.il·ely. 1\ lessagc·-passing-n<'lwot·k implemenlalions analogons to l.hose dPscrilwd 
for t h e lransputer can also be applil'<l with the benefil that a small ovf.'rhead will be ituplied 
dtw to the faster inter-processors communication allowed by the parallel channels, a lt.hough 
at t lw rosl o f compounding the dynamic reconfiguration of the topology. Despile l he fad. 
t.hat l.lw Tl\ tS:l20C•IO, as W('llas tttost DSPs. can perfonn noating-point produds a t, lhe snme 
s pf't'd ns int Pger addit.ions, the UIIT renmins an interesting a ltt>rnati\'e compared lo otlwr 
stnndnrtl , mulliplica.tion-based IITs because of its adequMy for fully acntrat<· cakulntions 
of thP Ínf PITPpt. parattt(.'(,PI'S. 

Tlw Tl\tS:I20<.!40 is currently bPing considered as the DSP-core for a high-performancP 
snhsyslt>l ll for im11ge procPssi ng and computer \'is io n, to be intf'grlllPd into 11 lnrgPr syst.c•m 
int.Pndt>d for gent>ralapp lications in visual inspection and compute r vision. T his projPd. is 
bcing joint ly fonnulated by the IFQSC- liSI', Ucpt. Electrical Eng.-IISP and lt'I\ISC- l'SI'. 

3.1.3 Parallel Image Processors - The MAPP2200 

Ut•ing tltt' lirst dPVÍC:P C' I'Pr lo incorpora L(' a. eco Sf'IISOI'-a rray anda paraiiPI illlagP (>I'Ol'PSSOI' 
into t.lw santc' dtip (<~ G$-lt>nd LC'l' pac·kagP wilh a g lass wimlow). tlw 1\'P's 1 - 'snmrt. 
oplknl s<•nso r' l\ l,\Pl'2200 can I>P IIIOHIIlcd in a canlPI'<I in tlw sa1ne way as a st.;11ala rd 
( ' ( 'I) d1ip b111 wit h I lte bonus of dc•li\·Pring \'<•rsntilit y and procPssing (J(JWf'l' [:10]. ThP 
1\IAI'I' :t:WU indHdl's a :l!)(ix:l!)G ('(.' 0 array. 114 digital :l!}G-bit regist.t>rs . a 2!}6-hit annlog 
l't'gist<'r nnd I lm•e pixPI proc('ssing unitit'S (poi nl.. IIE'ig hbo rhood nnd glohal logka l unitit-s) 

O(IPI'IIlit>ll (J(' ('lii'S in a S ll\IIJ rashion 0\'('r.all t.hc 2!)6 bi-op('l'itll(ls of the II<'Cllllltllal or OI' 
cligital n•gis t.e rs). Tlw I\ IAI'P2100 <'iln lw straiglttforwardly inlPrfilct'<l to a 16- or :}2-

I,it sU(H'n ·isor_,. nlinoprot'PSsor host thro ug lt a l!i-hil bidirec lional bus: t he inslrut'l ions to 
(,.. c·:<Pntl<'< l in thl' l\ l i\Pl'22UU lltHsl lw st'ann<'d hy t he host o\·Pr tlte l\li\Pl':l200. 1\lost 
iust.rur tinus an• <>X<'t' III P<I in :l!iU ns. 

1 1nlt'J4ralt->cl \ 'isiou Prutlnrt~. Sw~dtolt. 
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Figure 1: Thc strategy for implementing Lhe llllT in the l\li\PP2200. 

651 

Since 256-hit registers are Lhe standanl data element in thP l\ 1,\PP:l:.!OO, Í111pl<·llu'utn­
tions of BHT ~>lgorithms whit"h hancl les Lhe image eclge elPments indiddmllly III"P 11ot. likPI.1· 
to yil'ld good performance. Th<' alt<'maLiv<' CIIIT1'11Lly aclopted in our projl'rt consists iu 
t>xploring tht> partitioning of tht> image spact' implied hy the UIIT formulat.ion: we hal"l' 
already Set'n in section 2 how a family of digital bars is d~fined in t.he imagc rPSpl'd in• lo 
vertically aligned pa.rameter space points (s('(' also [8]). T hus. hy taking t.he lowPst. digit.a l 
line as rrference, it is possible to proccss Lhe wholc imagc for cach slop<' b.r rountiug iu to 
t.he MAPP2200 accumulator ali the edge clemenls which falls wit.hiu l'arh of 1111' digita l 
hars. The reference digital bar is generated hy lhe host t hrough t.he UIIT and. siiK<' t li<' 
iu terc<O>pt resolution is fixed to be one, each of Lht> accumulator bits can be assodakd to a 
digital bar in Lhe image (such a stralegy implies that Lhe image scgments si?.P Rhould 1,1' 
limited to half of Lhe accumulator length). Such a proct•ssing sLrategy. whi<'h rl'lie~ s trougly 
on Lhe rPgister shift instructions of Lhe MAPP2200, is illustrated in Figure I. Tht> image 
has Lo be fu lly scanned for each considen:•tl bar s lope. l'rocessing of slopes wiLh absul ut•· 
values largPr than I can be achieved simply by exd1angiug Lht> x- and y-coonliuat.<·s of <•li 
the imagt> feature elements and re-applying Lhe disn•sst>d strategy. 

Since 8-bit additions betwet>n two data (i.e. hvo complett' 256-byte inmg,. rows) is p<·r­
formed bit-serially in the MAPP2200, a total of about 25 cycles ~~~"" r<'<tnired h.1· t his otwr­
ation. We are currently developing a simulator for the l\IAPP2200 in l'ascalwhid1 willlw 
used to assess the performance uf Lhe ahove dPsnibed stra tPgy for t.hr DIIT implf'lll<:'lll.at ion 
in this processor. 

3 .2 D edicat ed P arallel l m plementations 

T he following subsection presenls the systolic structures that arr t h c basis for I hl' clrtlkal<·d 
a ltematives to Le addressed in Lhe remaining subst>ctions. 
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3.2.1 Systolic Architectures for the Binary Hough Transform 

Th<' simpli("it y <1nd thc sp<~Li<~l <1nd fl.'mporalregul<~rity of t.hc DIIT proce~sing snit s pnrtir­
ularl.v well to piplo'l iued/parallel (ilo' systol ic) cxecution. Three main systolic dlo'signs ha 1·1o' 
lweu propos('(l for UIIT implementalion which are resplo'dively based on the following three 
tuul,·rl_,·iug processing st rategies: (a} progrt>ssive calculation of lhe products t.hro ugh a{'ctl· 
rmolaiP <~<lditions; (h) binary decornposition of lhe operands and (c) combinatio n of thl.'slo' 
f 11·o ~ I r<~f<'gies [:li. :1:1 :1:1, :1]. Sue h systolic sLructures are illustrllted iu Figur<' 2 for NM = ·1, 
ll'ht•r•• / ;111d . l'P~J><'nivPiy indicai.<' righL <1 11tl ilo'fL bin<~rr shifts and Lhe tri<~ngl<'s l't>J>l'PSf'llf 
tll.'i<~~·-Pi<·nwnt s (or latcht>s). The atlditions with N- i llnd U are required iu order to nvoi<l 
uPg<~f il'l' 1·a luf's during I he fixed-poiut calculatiou. 

Each o f f hesP systolic structurPS presenls its l'f'iat.ive ad1·ant ages and disll<lvant agf's: 
I Ir<' first st ruct.urt> implies I hf' greatest nmnber of deiay- elemt>uL~, anti consPquPnt.ly LhP 
long••sl •·x('(·ut.ion I inre but does not. rf'quirf' any signallint>-crossing ( ll'hich compounds VLSI 
df'signs}: I Ir f' s('(·ond alterna tive dernands fell'er delay-elemeuts a.t thf' expensf' of n uurnbf'r 
of siguai linf'-cross iugs: an illf<'rest.ing balnnce hetwf'<.>n Lhese pararnf'lf'I'S is achif'n•tl in f hP 
I hi rd dPSigu , ll'hida has Lhe furt.iwr ad vautageofh<.>iug iullf•reut.ly 1110dular (t.llf' basi(" rnotluif' 
is a s~·stolic strudurt> of the second type, which is cascaded a<·cordiug to t.he uud,·rlying 
principJ,. of LhP first. structnre). Fea tures which arf' common to Lhese Lhree systolk desigus 
;u·•· prf'st· n I Pd iu Lhe following: 

Speed - Assu1ning f),.. •·ons<'r-v<~Li,·e hn>Ot.lws is that ••ad1 of Llw basic opt•r<~f ious iu I ilf' 
1111'1' hit -lf'v<'l systolic <~rchitPcLnres cau lw p<~rfomwd in ahoul IOns." whole li32x l'i:l2 
im~~" nur 1,.. proc<'ssC'd i11 just :jOrns: 

Simplicity - l'ircuits arf' rl.'quirNI ouly for inLcgcr addition and i~l chiug. ll'iLh 110 111'<'<1 
for tabiPs or producLs (lhe binary shifts can b«.> straightfonrardly implemente<! by wiriug}: 

Regularity - Ead1 of Lhe Lhrre topologies prescuts suhsLanLial inlr«.>renL data flow a11d 
cont ml r<'gularity. wlrich fa1·ours dt>dicatcd impll.'mcnlalions: 

Efficiency of hardwa•·e resources utilization - lt cnn bf' f'as ily I'Prified Llwt. any 
nf flr<' s~· st olir tlesigns prC'Seut ed iu this paper allow fullefficiency for hardw11re resourcPs 
ut ilizatõun 1:1.1]. which commonly implies fastcr and more economic operatiou; 

Input - The systoiic strudures require Lheir inpul, i.e. Lhe image feaLure ek•nll'llls. 
lo 1,.. f .. d i11 a hil-slream fashion. ll'hiclr is e<~sily aclrien>d by using s imple syslolil' cdgP­
d•·lc·•·tors (s<'<' 1:15]) , which c<1 n be dirt•ct.ly counf'cted to Lhe bit-sLrf'am ouLpuL of standard 
('ê\11\t'l'(IS. 

li slrou ld lw obspn·<'d t.hal adtiiLional t·irnailry net>ded for impi<'rneutiug Liw iiCClllllulat or 
iiiTil.l' updat iug is also rt·quirt>d, ll'hirh can be s traighLforwardly ohLaiueo.l hy usiug couult'rs 
<~li <i nt<'lllory rnodult>s and will 110L he fOusiderP<I iu Lht> prescuL papPr duPlo span: limit.at iou 
(for 11101'1' d<'Lail Sf'l' 1:15. :1] ). 

Any of tlrr th reP bas ic systoiic strudurPS pr<.>sente<l aho1·e assume thaL Lhe datais pro­
cpgsrd i11 ll'ords (' ll'ord-parallt•l'). Bit -sPrial aml bil-il.'l'f'i ,·c·rsious of tht>sP sLr11ct.ur<'s a.rP aiso 
fpnsiblc• au•l t'illl 111' st raighl forll'il rdly ohlai1wd. Bit-serial dPsigus are parl. icni<~rly snit a bit• 
for •·•·onu111it-. 111m rt>al-lillll' impiPill<'lllat.iolls; bit -lf'l'c>i st.na-t.urPs. ll'hid1 an• oht.aiut•d hy 
1"'• ror11ring c·nd1 nddit ion in hit -pipPiiuing ( fim•-gmiu roucmTeucy), •·onsisL in effPCt in• ways 
uf ndri•·,·ing lriglr •·x•·cut io11 f lrroughpnls 1:1:1. :1]. Sud1 s.1·stulit BHT si rud mt•s Ira I'<' prol'f•d 
to hC' illl1011gst I h<' higlr<'sl. pNfOI'IIIillll'l' am) IIIOSI rlff'<"Lii'C df'dical ed COIIC\IITf'llf ha r<lll'iii'P 
<lil<'rnillii'<'S for ll o11gh tra11sfonn <'XCculi oll 1:1]. 

'1'111' 1111'1' systolic iiiTir il•·clurc"' II'NP fonrwliy l'illidat r.d ll'ith rC'Sp<'cf. f,o logit-ai OJH'ril-
1 iu11 a11d sy11dmmizal i ou h.1· .-xploil ing ll11· 1.ra11spult.'r nmltiprogranuuiug capabiiil it-s; f'ach 
pnH·••ssiug <'1<'1111'111 (or pari of it ) ll'iiS i\ssig urd to au Q('('i\fl l procf'SS illld t.hc ph,rsirn l 
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Word-level bit-serial 
llltl tlbf'r of t·olunms 2 I 
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~l.ag<'~ per row !)•I 12 1 
Arr;\y ftff"fl :u.t 1111112 1.611111112 

dock p<'riod I On~ 10ns 

inlerronueclions between lhese elemenl.s wPre implt•1nentcd as duunu.>ls. Though l.he <'111· 
ployed \'f'rsion of t he OC<..!AIII-2 did not allow \'ariable PAR cont rol. it was possible to 
n~rify I lw correctcdn<'Ss of the proposcd d<'Signs [:J]. 

3 .2 .2 Discrete Digital Circuits 

Though lhi~ cerlainly rorresponds lo l he most nunbersome alleruativP. it is also l hP IPSs 
<'Xpf'nsin• and mosl \'f'l'~at ile d<•dicated iu1plemeulation stra.l.egy. ai. least in l.he lighl of ou r 
<'II ITPnll.'· a\'ailabiP lc.>chuological capabiliLies (no conunercially available EPLD suil ahlc.> for 
UIIT "·'·stoli•· implt•meutal.ion has so far bt>eu ideul.ifi<>d by the author). llaving dt>rid<~ l J.y 
l lw TTL l<>dmology, we tried lo design a bask module which exploitt•d as well as possiblf' 
I hf' a\'ailnhl<• TTL devit'<'S. lt turned oul that ou<> of lhe most suitahl•• oplions \\'as lo us<' 
fom-hil add•·rs in sul'h a way that the addil ions are s<>rially exPt·ult•d in l'hn nks of ·1-hil.s . 
Snd1 a stra tegy can l.hus he classi fied as inlennedial.e between hii -IP\'<'1 aml wonl-p;,r;.llf'l 
1111'1' s,rstolir sl.n l!·l.ures. The <.:urrcnt tlesign is bnscd on a dua l oul.pul. (i.f'. inlpl<·nH•nl. 
I \\'O of I hl' out puts (',.(i) in expressiou 1) Hlodul<'. composed o f six low- anti nwdiniii·Sl'aiP 
integration T'I'Ls. Such 1nod ules can h<' l'aSl'mkd in sud1 a way as to ohlain 111<' a iu Jt•d 
slop<' rt·solul ion. T he exen1l ion rale o f sul' h a sl.rul'llll'e. primarily inl<'IHif'd lo hf' iul<•rfan·d 
t.o 11 11 lll ~ I - PC <'OmpatibiP lllat·hiuc. is PXI><'I'I<"<IIo be about 50~11lz for ' LS' TTL tl<"\·in'S. 

3.2.3 Digital VLSI Implementations 

Digit>~l \ ' LSI inlPgrated circu ils ded i<'Ried to wonl-parall<•l and bit -serial cakulali<>ns \'f'l'· 
sions of tl1f' abon• discussetl second (anti consequf'nlly a mod ul<' for Lhe third sl.ructnrc•) 
IIIThil<-dmal opl ion hiiV<' been designed h.'· using the SOLO 1200. a. softwa re padrngr for 
designing of rustom integratf'd cirl'uits, a nd fully sinnnulated [36. :r;]. The hasit· UIIT 
Ol><'rnlor. i.<'. t h<o" adder , has lwen dPsigned using the SOLO 1200 'drafl.' ~chenmlic C'nt.ry. 
(;i,·rn that t lw ;wai lablt> tol.al l(.' area a nti an1ount of input.fou tpul signal~ (pins) WPI't' n·­
spt•.-1 il't•ly linlilt•tl to 2i.~ llllll'l 1111d 8~ pins, t.ht' \\'Ortl-pa ra llf'l \'f'I'Sion hatJ to lw orgallizt•tl 
in tu J,it pl a1w 1no•lult'S (l hrt•e hits 1"'1' lnodn l .. ). Tlw prinl'ipal ohtainPtl ft·at nr<-s for t llf' 
\\'ortl-parn llt•land l•il.-~t ·ria l tl••sigus (for Pight. oulpuls) ar<' pn•s<•nt Pd in l.ahl<> :1.2.:1. As 
f'XI><'t'led. !lu> wortl-pa ra llt>l an·hiiPClurt:'s a llowed a small<'r l><'riod of doá ai I he expc.>IIS<' 
of a largPr J( ' an•a. Also. it should lw obsen·etl that. the ohlaint•d used arPa falls shorl of lhe 
lotai anlilabiP ar<•a. whil'h nt<•an~ t.lwl. la rgf'r bit.-scrial st.rur lurf'R Cil ll bf' <"ll~ily implc•mf'nkd 
inlo a s inglt• rhip: larg<'r word-pRrll ll<•lmodules 111'<' limitf'd b_,. lhe amounl of a\·ailable pins. 

3.2.4 Mult ip le-Valued Logic VLSI Implem e ntat io ns 

lt is qn it<• wt•ll know11 amongst til<' n>n1pu1<•r sci<' ll <'<' <'Onlmunit.y th111. d igi tal rircuit~ am l 
<'olnpntc·rs 11'<'1'" i11 trodun•tl a11d l111n· lw<·n thrh·ing as nu•ans of ohlaining illlpron·tl <'OIIl· 
pntaliun n·liilhi lil .\' n>nlparf'd lo thal a llowed b~· analogic lcrhnology. \Vhal is COII IIIlonl,r 
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Table 2: Principal featmes of tbe couside red concmrent hardware alt<-rnatives (I - procPssnr 
only; 2 - approximaled , for 20l\1 llz devicE's in batches of 1000; :J - for I Ci ont.pnt ~: I · · lO~ I llz 
devices ; G / S =general/semi-general; D = dedica led; n = approxintHLt•d PXt'ntlion time 
for Lhe addition of two binary words (for single processing t'lemenl ). 

modelo n t.ype cosi 
1'400/ 'L'SOO .sons G/ S liS$42/LIS$220 : 
TMS320C40 25ns C: /S LIS$:!60 ·· 
MAJ>P2200 20ns G/S medi um 
discrete 20ns D l iS$50'' 
d igital VLS I IOns D high 
MVL-VLSI 2.5ns D high 

(pgs known is tha.l analogic, and part.icularly aualngic-<ligital loybri<l cirnoit ~ arP uowadays 
making R. come- back 1\S interesting altematives for VLSI implemeutat ions. ÜnP of t. lw most 
represenLative of sue h Lendeucies, and lhe one considered in Lhis pape r. is nonlt ipl<'· \·a lu•·d 
logic - MVL - VLS I, which prt>seuts potential for reducing t.lae int er('Otllw<·tion cotn pl<·x­
it.y and lhe amount of elemenlary devices thus y ielding more compad. mod faslt'r \ ' LSI 
integrated cin:uits. Alt.hough a ltcrna tive stralegies are possible, Lhis paprr is rrst ril'l <'( l 111 

LSI mult.iple-valuecl CMOS current-mocle circuits based ou Lhe radix--1 signed-d igit - S D 
- numeric representation syst.em [38. 39, 40]. One o f Lhe most. remarkable inh•·rPnt ft•at nr< 'S 
a llowecl by sue h circuits is Lha L additions can be slra iglttrorwardly perfo rnwd I hrough sinopl<' 
wiring according to Kirchhoff's cmrenl law [:J9, 40]. 

A possible currenl-mode circuil for addition of two radix-·1 SD \'alucs A and U gi,·ing (.' is 
presenlt'd in Figme 3(a) [39, 40] , where Lhe triangle represculs an n-channel t·tnTetol. onirrur: 
llDCI anel TD resJ>ective ly sland for bi-directional current input and thn:shold tlcl('('lur aud 
llTD is a TO provided with t.he buffering circuitry r ecqu ired for synchroniza t ion (,·in doá) 
of the pipelined operalion. A remarkable property of such a full adder, whkh requires 2G 
transistors, is t hat its execution time is independent o f the word l<'nglh [:1!1 • .JU]. Sincl' 
a single full-adder is obviously nol eno ugh for mosl applicalions, it bc<"omes necessary to 
cascade t hem in order Lo process longer words, as illustrated in Figure :J(h). where Pa r h ' IQ' 
means an ' inverted quantize r' which also contains 2G tra nsistors. For the typira l sit.ultlion 
ron~idered in [40] , a nou-pipelined SDFA with Lhe in\'erted quantiz~>r execute in abou t IIns. 
The pipelined SDFA presented in Figme 3 allows a reduction o f about 50% o r I lw ('XI'CUI ion 
Lime, consequently resulting in a quite effecth·e basic opPrator for impiPmPnla t iou of thr 
lHIT systolic stmdures. IL is easy to verify tha.t suit ahle BHT f\I VL sys lolic st rul'l urPS t'Hll 
be obtained from their digital equi va lenls (Figm e 2 ) excepl for the fad lhat ·l-bi t. inslt•ad 
of l-bi t, outpuls are produced by each adder. Sue h ~IV L BIIT slrm·tur~ t hu~ nol only 
a llow a reduction of the basic clock, but also a substantial perfonnace impro\'t' ll wnt dw• lo 
t.he production of parallel ou tputs corresponding lo 2 bits (or four \'alues ). 

4 Comparing the Alternatives 

Table 2 presents t. h ~> principal fealmes of the <"Oil<"mrenl hardwarr a lt cnoal.i\'PS for 1111 '1' 
implementa tion discussed in the present papea-. 

As could be expected , the dedicated designs res ulted fas ler nl th t> t'X JWllSc of lt•ss \'t•r-
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s11tility. Ou the olher h11nd. the slower com·tiiT<'II I o11inopron·'"or~ '''"' ;ol~o IJ<' ""'" lu 
implf'lll<'ll l other opcr<1tious (sue h M t'dg<·-dt'lt:"cl iun. I hi o111Í11,1!;. ""''"!;ÍIII\ no HI <"OIIII<'<"I<·<iolf'ss 
a11alysis) r<'<poirf'd by tlw overall Ílll<'rllwdialt'-l<'l'f'l 1·isio11 fr<lllli'Woo·k. l11 f<o<·l. I hf' choicf' uf 
one of lhe abon• allcmai.Í\'PS will i11 grcal parL dqw11d 011 til\' ;oppli,·;tl io 11 r<'<JIIÍI'I'IIII'IIIs iltll l 
I hf' ai11U'd overall cosi. As alrf'ad.1· obsf'n'<'d. tlw upl io11 ÍII\'Oh·i11g disnl'lt• digil ai l'irc11 il s 
(TTLs) allows l.lw lowesl •·ost a11d ~·f'l lht' lwst flf'xi loilit ,l· and "'"' uf thf' fas t .. ,l o•x•·•·"tiu11 
o·a tes . The pri11<"ipal short<:omiug of su~h aro ap proa('h i ~ Ih<' rt'<tuin•tl pl:ysit·a l sizo·. whido 
<"11 11 bP <lll t•tlu<IIPd by using Slltall-sizl' TTL p<~ckagt·s. Tlw I ra11sp11IPr a11d T!\IS:l:ltJ(' 111 
<Hf' illlt>rf'sling <~ll<'rnalives for buildi11g I'Prsalilf' s.l·sl <'llts n11d for po<t -IIT sl al!,<'< i11 ll w ill ­
lf'ndt•d int<>rnwdialf'-lt>l'f'l visio11 framework. Tlw i\ I A I'P:l:lUU is "" ÍIIIIO\"al Íl'<' do·1·in· who«· 
mai11 f<'nlnr<' is llw t"OIIlJ>II('I.ion of Ih<' cirnoilry: il w01old h<' optÍI<• illlo•r<'sli ng lo 1111\"<' "" 
i\ IAPI':l:lUU-bas<>d l'<llllf'ra abiP lo JlPrfoml 111ust of llw itnag•· llrt '· pron·,sing a nti I ht• IIIIT 
SJl<'<'tll.l·. 'l'lw i\1\' L-VLSI is 011<' of llw IIIOSI f'X<'ÍlÍIIg nlt<'rllalin·s for llw II IIT Ílltplo·IIH'II Ia-
1 i ou whid1 pr<.'S<'IIl s polential for good inl<>gral iou d<'nsil Í<'s a11d <'X<"t·ll~ ·ut <'X<'<' li I iun rill<·<. 
\V e m·p <"I IIT<'nl 1.1· collaborilti ng 1\'ÍLh tlw lkpt. of El•·c t roni<· EugÍII<'t'rÍng. Tohok11 I 111i1·o·rsit.1· 
(s('(' <~cklloWINigcmcllts). luwards il 1\1\' L-\ ' LSI BIIT d<·sigll . Tlw pri twipal oiJ' Ia<·l••s tu lw 
0\'CITOIIII' are lhe formal IISSCSSIIIt'llt o f JlÍIWfÍII<'d <'X<'(' UI Íoll o f llw !\I \"L fuiJ addo·r a11d I lu• 
produl'l io11 nspcds. 

5 Concluding Remarks 

This paper has pwse11led l't'Ct'11l rPSnll s ro11n.•r11i11g tlw co11sid<'nc t io11 o f '<'l"o•nd n·pn'S<'III a­
til"<> <·onru!Tent hardw<~ re altcrnatin.•s for thc Ítnpi<'11H' 11t ilt io11 of l lw hi11a rr lloiU)!,It lr;o11~· 
fonn. <1 11 effprlÍI"<' IP('IJ11Í<Jll<' fo t• digit;.J lJM dPit't"lion. 'J'fll't'l' ('()111'11 1TI'III IIIÍ<TIIJII'III'I'«ui'S 
(I ra11sput t•o·s, T111S:J20( '·10 a11d 11 1,\ P l':l:.!OO ) and I h r<'<' dcdira ll'd \'<J11<'111T<'111 si r11d lll"t•• ( dis­
<T<'l<' digil<~l (' Írcuit ~. digit<~l VLS I and i\1\'L- \ "LSI ) !tal"<' IH·c·n pn-,;P111o ·ol ntul it• '"" '" ''"11."' 
nnd s loo rl<"Oti1ÍIIgs for 13 11T Í11tplemcnlalio11 icl<'lllilic•cl. lt wns n·rifio·d tlw t suilalolo · 1111'1' 
Í111plc•mf'llta l íon stralf'gÍPs <"illl lw ol>tai 11ed for a li I h<' nddn·:<St•cl nHu'tiiT<'III h;,nilnll•' aiiPr­
llaLii'PS: lltl' ded ic<~l.cd opl io11s r•·sadt i11g pari ir11l;orl.1· Í11kro ':' l Íll!!, ;os llll'iclls uf a.-l tÍ<' I"ÍII!!, h i)!, h 
<'Xt'rut.ioll rales <1L <~ lford<~ ble c·osls. 

T he res11lls ohtai11t>d i11 Lltis papt'r ran be <'Xtrapol<~l<'tlto pn·dic• tlw suita bi lit .'· of t iiC' 
<'011SÍdf'red hanlwur a ll e rn<ILÍ I'PS for llw Ítllpl<'lllf'llla t iull of utlwr ÍI11Ht,P proc·c·ssins; illl<l 
COI II)llll t>r I'ÍSÍOII tt>do11iqtws whidt J>I'<'S<'III si t11ÍI<tr tlHI a lluw a11d nml rui st 1'111"1 111'1'. l11 fad, 
lhe IIT. i11 <1ddilio11 lo it s pop11laril.l' as <111 o·fft>I'IÍ\1' p<cllo•r11 n•mp,11itiu11 l<'l'hllicl'"'· lo;" alsu 
b<'<' 11 ,.,.t.;,blislwd as a lwnd11uarki11g nlgorit h111. 
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