
• 

• 

• 

The Design of a Floating-Point Convolution 
System 

Jean Drolet 

B. Sc.A., (U niversité Lélvill), 1 QS9 

Department of ElectrÏCal Engineering 

McCiH University 

Montréal 

August, 1992 

i\ thesis subrnitted to the Faculty of Craduate Studies and Re5earch 

in partial fulfillment of the requirements for the degree of 

Milster of Engineering 

© Jean Drolet, 1992 



• 

• 

• 

Abstract 

Convolution i5 the basic operation bL'hind Inany image prllCl'~"'111g "lgllnthm ... 

However, it b a (omputêltiDnally inten~lvl' nperi'itlon 1 kdk,lll'd h.lrdw.lIl' l''\I'''h 

to implemen t the fixed-point Ver':lllH1 ot thb opl'r,ltlon. B11t rl'CL'1l t dl'\'l'lllP"ll'llh 

sllch as lêlser range dat,l prdL'essing now reqt\1rl' tll),lt1l1g-polllt ,lrlthllll'lk whlch h 

often performed by so'tware. 

This thesis pre~ents the design of a specialized (()nvo)\Ition proCl' ... <.,or lh.ll op

erates on double precision tlo,lting-point d"t" Thl ... L'OllvnlVL'r b b.l~l'd on ,ln .1IT,lY 

of systolic ceHs élnd may be configured lo pn'L'l''''~ buth im"gl'''' .mL! \1 Illlhnll'Il

sional signaIs. Support circllltry h,llldles d,lt,l form,lt COIlVl'r"'Il11l ,1'" Wl'II ,1' .. d.lt.l 

sequencing for the systolic affay. In addition, th pnKl' ...... or rOJ)\JIlIIJlIC.lh'..., wilh 

the tnemory of a host computer vi" il DMA (direct I1ll'mory .lCl'l'''''''') intL'rl.ll'l' lo tlll' 

VMEbu~. In this thesis, the design of the:-'l' .1llxl1l.UY ~l1b"'y..,tl'lll"" 1'" l'lllph.N/l·d .1I1d 

their implementiltion in application ~pecific intl'gr,lled CIrcuit... (!\SIC) I~ prl·..,l'ntl·d . 
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Résumé 

1." lO!lVllllltion l'''>t l'opératwn il 1;) bilse de~ algurithmes de traitement des images. 

Mflllll'lIn'll<",Vlnl'nt, lc,lIe-cl l'Xlgl' lin nombre éndrmp de cillculs. Da!ls le but de 

n·dlilft- Il' tl'll1P"" dl' c.llllll, dl'''> ~lfI.)c(c''Î..,ellr~ dé'dié'''> à llflthmétique ,1 pomt fixe 

ont dl' d(·\el(lppé· .... 1 1 or"", Il'''' progrc .... n'cL'nb, nlltilmment dans le trilitement des 

donnl'l'''' proVl'lldlll d'lin t{'\l'ml'tre cl lilser, requièrent l'u<;élge d'lllle anthmétique à 

point flott,lllt qUI dOit ..,ollvent être exéclItl'C pclr logICiel 

Ce ml'moirl' pr{',>\!nk 1,1 concL'ption d'llll plOCI.:'sseur ~pécialisé pour la convolu

tion dl' dOl1lll'l' .... l'n furm,lt point flotl,lnt dllllblL' précision. Ce processeur s'articule 

,Hltour d'II Ill' 1ll,1lnCl' dt' l'l'lllIll' ... "y">tnliqlll· .... te't pellt l'tîl' confIguré de façon à cpérer 

Lmt .... lIr dl''''' ..,ign,lllx IInidimL'n..,!Ollncb ljlll' de ... images. Des CirCUIts éluxiliillres as

"'1I11H.'nt 1.1 convcr"')OIl de .... d(lnnél'~ dl' formelt pOInt fixe ~ format pomt floUant de 

ml'Ilil' qlle l',lllml'Iltatioll dl' 1.1 llléltncp ~yst()hqup avec une séquence de données 

,1d{'qUcllL' 1 )l' plu~, Il' processeur cnrnmllniqlll' élvec la mémoire d'un ordinateur 

hùll' ,Ill mOYl'1l d'IIIlL' Interfacl' DMA (élccès dirpct il !il mémOIre) sur le bus VME. 

l'l' Illl'Il11l\fl' pnrtl' \JIll' t111l'11l1on particulière sur la cOl1Ceptlon des sous-systèmes 

,1\JxiIL11J'L''Î dl' lllênll' ljlll' ' .. lIT ll'ilT Implementi'ltion à l'aide de circuits i i.égrés à 

,1ppIil.'tllÎon "'péClfi'.ll1l' (ASie) . 
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Chapter 1 Introduction 

()ur <,ociety h re~()llltl'ly moving into the information era. In the past decade, 

LIll' JemanJ for L'xlr,lClÎng, ft1cngnizing, under~timding and even conveying the 

mlornl,lllllll cont,lll1l'd III ITll,lge<, h(l~ be~n increilsmg steilchly. There is evidence 

lh,ll th.<, trend wIll be lllc1int,1llwd il" we enter the twenty-first century. lndeed, this 

1<' Il m,ljor <'pm for <,ignifICc11lt c1dvimces 111 the field of digital image processing. 

Imilge proce<,,,ing cOI1"bts mamly of transformations such as enhancement, 

re<,lorillÎol1, recoIl">lructlOn ilnd coding of images. Applications embrace different 

"'plll're~ of hllllliln rlctlvity. In robot vision, for example, multiple image process

ing rllgonthm<, are \I<,ed lo perform fiItering operMions, edge detection and other 

low-Ievel t,l<,b behind molion planning [Nelson and Aloimonos, 1989] ilnd object 

h,lIldlmg ITilll1tt, lWNl. Moreover, with common algorithms such as histogram 

l'l)lI.lli/iltlllll rlnd convolution, alltomatic visual inspection [Skinner et al., 1990] can 

lw implL'ml1llted ln dbcnminate between acceptable and nnn-conforming images 

of pilrl~ III ,1 produLtlOn chain. AlItomclting the visual inspection task improves 

<'~1L'l\d and reliabihty ~mce robots are not susceptible to fatigue or bOrE:~dom which 

le,H! to judgeml'llt l'rrors. 

I~l'rhclps thl' Illost irnpre~sive application of image processing is cornput

l'rilL'Li tomography (CT). In a medlcal or industrial environrncnt, CT assists 

in thl' rel'OIl"truction of density functions (images) derived from the measure

ment" of l'milnations thilt have passed through an investigated object or or

gan 1 NOWIIlSkl, 1990J Most of the time, image reconstruction is êlchieved by means 

of the COllVOhltlon back-projection method. Other biomedical applications include 

tl'illllfl' l'X traction for video-endoscopy [Sheblee ct a!., 1989] and for blood analy

"i., lrarthcllis ct 111.,1990]. 

1 
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1 Inl wd\llllllll 

ln multimedia èlpplications and tl'Iecommlmic.lth:ms, imagl' prn\.'t'''''''lllg h ""kn 

used for vIdeo compressIOn ln this case, the pnnclpll' h h) l'\.pil)tt .l"'p"·Ch l" tlll' 

human viSUel! system for tht:.' cndmg nÎ a "l'quence nt Inl,lgl'" IC,)I!, J lN l, Fl'\, J qq Il 

However, Image reconstructIon ot .1 cnmpres~l'd 1111.1gl' m.1\' ,11"'0 lw .ll'hll'\'l'd hv 

means of interpoliltloll [Kung, 148H1. 

Image processmg developments also include algonthl11" to pro(L' ... .., .111d liltl'r 1\n-

ages collected from external devices s\lch as sêlte1litl'~, ,1Cou~tiC "l'n..,or .... 111d sc.lIlning 

tllnneling microscopes [Stoll, 19911. ln ,lny caSl', .1pplic,1tion" in tlll' lil'Id" 01 l'l'motl' 

sensing [Stewart, 1991, Barberi ct al., 1941] êlcoustical im.lg111g ,md, l'Vl'ntu.l !ly, tlll' 

automotive environment [Crismilnilnd Webb, 199\, Kehlilrt1,lVMl'ltll., \99\1 L1l'

pend heavily on the ability of these i1lgorithl11~ to ll1anipU',ltL> r,nv da!.1 ln obt.lin .1'" 
much meaningful informiltion as ro~sible. 

As llseflll as the)' can be, image processing êllgorithm~ an' 11l'vl\rtI1l'1L'~", COIll

putationally intensive, reqlliring multiple nperiltion~ per pixel. Con ... idl'ring th,lt 

a typical image of size 1024 y 1024 with 256 gray Il'vl'l ... rl'q\llll'''' 011 l' Mbytl'''' 01 

computer storage, the throughput reqlllTed to Illeet thh COlllp"!,III(Jn,11 dplll,llld , ... 

enormous. This lS l'ven more the C!lse \Il rl'al-till1l' ,lppllc.1tioll'" whl'rl' .1 "'l'qIH'llet' 

of image frames must be processed i1t video rate UllIproce ...... nr cornplltl'r ... lIl"'pin'd 

from the conventional von Neumilnn ilrchlteclure (Nl'lImdnn, 19H71 ,Hl' "'Imply 

overwhelmed with the large amount" of dilta thilt they c,lllnot proce ...... dfide'ully. 

Therefore, novel computer architectmes s!1ould be IJ1ve ... ltgatl·d 

Several characteristics of image proce~.,ing makl' il "lIitabll' for ptlr,lllt'l pro

cessing. Many algonthm~ ilfe IJ1herently p,u,llIeI bec,lll"'"' an Identlcdl oJwr.l

tion is applied throllghout an image either one plxl'l al a lllne (l'}~ hi ... togr,lIl1 

equalization) or one region (ll il lime (eg. convolution / correlation). Thl" Iln

plies the notion of data locality which may be exploited for conCllrrt.'nt proCl.' ...... -

ing [Lee and Aggafwal, 1990]. In filct, an imilge mily bl.' divided mlo "'Ilbim,lgl.''' 

which can be operated on separately by a set of proce""mg clement... working in 

2 
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1. IntroductIon 

pilr,llll'i ln ildditHm, these illgnrithmc:; usudlly apply sequential functions to an 

IITlilge. In thl.., CéN!, il pipeline fHennessy élnd Patterson, 1990] élrchltecture may 

ilchll'Vl' functHlIl pilrillll'Ii~m to increélse thrGughput significantly. 

1.1 Thesis Overview 

Thi" tht'..,i" prL'senh the design of él speciéllized pélran!?1 system to "peed up the com

pllt,ltlon of the convolution éllgorithm used in mélny signal processing élpplications. 

Thi~ proce~s()r operates on double precisioi1 f1oélting-point data which circulate in 

,1 ~ystohc fll..,hion through the proccssing elernents. 

Chilpler 2 provide~ sorne background information about convolution. Different 

computer IIrehltectures developed in the last decélde to implement ti-is processing 

fUl1clion clrt' rl'viewed wlth emphélsis on systolic arrély developm~jlts . 

Chapkr 3 giVl'S Il high-Ievel description of the f1oating-point convolution pro

ccs"ur The "'y..,teln élrchitecture is presented with a foeus on data f10w in the systolk 

Cl'1I~. Chélpter 4 disclIsses in Jetai! the design of auxiliary units which support op

l'ration of the systolic array. These inc1ude data converters and a buffering circuit 

lu fl'cd tlll' ,uray of basic processing elements. 

ln Chilpler 5, cl short description of the CAE toois that were used during the 

dl'sign process b presented. However, (he bulk of this chapter eoncentrates on 

the implcnll'Ilt.ltion issues of the iluxiliary subsystems described in Chapter 4. In 

partkulclr, simuléllion results are provided ai'd discussed. Lastly, sorne uoard

Icve1 consider,1tions are examined. Chilpter 6 conc1udes this presentation with 

suggcstions for future work and improvements to the existing system . 

3 
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Chapter 2 Background 

2.1 Convolution 

Discrete convolution is a basic operéltion widcly llsL'd in Inw-lL'vl'l ~ign.ll ,1Ild im.lgl' 

pI'Oc.~ssing. As opposed to other operiltions, il can be ilpplied dirl'ctl y tn tlll' origin,11 

time or spatial domain without need to transform thL' sign,ll into ils 1 req\lL'!1cy 

domain representation. When il discrete signill i", p.l" .... L'd throllgh ,1 Hlll'cH til11L' 

invariant (LTI) system, il modified di .... cretL' lime ~l'q\ll'nCL' 1 .... prodllCl'd .ll tlll' outpllt. 

An LTI system [Proakls and Manolêlkis, 19HHl b completL'ly chc1rc1Cl~'n/.l'd by ih 

t, ansfer function, h (II l, namel y i ts responsL' tn the unil Sel mple ~l'q\ll'I1l'l' f~ ( II ) cll .... o 

known as the discrete impulse function. The respon~l' 1/( /1) of .ln LTI ~ystL'm cl~ 

a function of the input signal .r( II) ê1nd the unit sample re~p()n.,L' h( Il 1 h (,11ll'lI cl 

convolution sum and is defined as follows: 

+-
Y ( II) = L h ( J.') x .r (II - J..) (21) 

J...=-/XJ 

Equation 2.1 may be reformulated as follows: 

.IJ ( Il) = h ( II ) ~ ./' ( II ) (22) 

where t denotes the convolution operator. 

ln reality, however, we are only concerned with CélllSéll ~ignaIc.; of finile lL'ngth. 

Therefore, the convolution formula become~: 

N-l 

1j(1I) = L h(l-) / J'(o - J.:) (23 ) 
I.=() 

4 
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2. Background 

wlwrl' V i.., the length of the tréln"fer functlOn h( 1/ ) sequence. 

ln imtlge proCt:'..,..,ing, by exten<:.ion, convolution is stated a~ follows: 

+",/2 +11/2 
}(,.j)= I: 2: H'{Il. fI) ;. 1(1 - 1)·) - q) (2.4 ) 

whl'rL' 1 ir., thl' input lmat~e and 1 \ i~ Ci window of width 71 and height If/. The 

WIJlUOW, ,11..,0 ci1l1ed ken1l'l, i .... il 2-D ~ignal eqlllvalent to the 1-D impube response 

Id 1). By ch,1I1gmg the col'fflCll'nh of the convolution kernel, specifie masks can be 

cre,lted to l'xtrill t fe.HlIn' .... 'olKh il" edges on an image, to perform Iinear interpo

li\tion or .... imply tn imp]ement variotls FIR filter5>. One may see convolution as a 

lleighborhnnd operation which performs computations on surrounding pixels. As 

~h()wn in FIgure 2.1, convollltion is computed by s1iding a window over an Image 

in ,1 r.1 ... tcr .... C<111 pattern. At l'aeh pIxel location, overlapping pixels are multiplied 

with the coeltJClenh of the window anJ then sllmmed. The pixel underlying the 

('L'ntl'r 01 tlw wlI1dow ir., th en repl.1ced \Vith the result of the operation. 

Cunvollltion h<1s multiple i1pphcations. In low-Ievel image processing, it is 

'lpplied lll.1inly ilS a filtenng technique. For instance, "smart sensing" is a good 

pr,lCtice which rlÎm..; i\t lIsing the lowest resolution sufficient for a task so as to reduce 

tlll' cnmpllt.1tlUn time of hlgher-Ievcl operations. As su ch, Caussian-like low-pass 

tilter .... providl' ,111 cfliclPnt sllloothing method for controlling the resolution of an 

im,lgl' IB.1b,l\Id ct III., 19R6, Deriche, 19901. By reducing the high freql1ency content, 

thl, .... l, low-p.1~" Itltl'rs mily illso enhance an image corrupted with high-frequency 

nobe. On the othl'r hand, Marr and Hildreth [Marr and Hildreth, 1980] have shown 

th·lt the dl'tection of edgps and / or lines Ciln be achieved by convolving the image 

with the L1~"Ic1dan of é\ (;é\USSiall (\,2(,'). 

ln kll'eOmnHlIlic.1tion systt'ms where different types of signaIs (video, speech, 

f.lc..;imill', etc.) nel'd tn be tré\nsmitted élnd received, it is sometimes appro

pn.lle tn deCrl'c1Sl' the sampling rate before transmission and then perform up

s.llllpling lIpon rl'ception to restore the original bandwidth of the digital sig-

5 



• 

• 

• 

Piwl 
1 

~ 

V 
, , , , 

, , 
, , 

, , , , 
, , , , , 

ind 

1 .. , 
, , 

, , 

, , 

, , , 

, , 

, , , 

1 mage 

uw 

, 

, , 

, , 

, 

, , 

, , , 

, 

, , 

, , 

, , , 

, , , 

, 
, 

, , , 
, , , , , 

W 
1.1 

~I 
~ .. 
W 

3.1 

, , 
, 

, 
, 
, 

, , , 

, , 

W 
1.2 

~.2 

~.2 

eJ 
---1--- --

---1---f---

----

, 
, 
, 

" Mask 
W 

1.3 

W 
2 •. ' 

Y,., = WI.lli_l.j.1 + WI.,Z 11_1•1 + •..• + W 1•1 lill,111 

W 
3 •. ' 

Figure 2.1: 2-D convolution 

nal. In this case, the up-sampled signal is convolved with ,ln intl'rpnl,ltlon lil

ter [Schafer and Rabiner, 1973] to obtain vlll\le~ for the dilta betwl'l'n ... ,llllplL· .... ln 

image processing, different interpolation filter ... ,1re t1~ed for ,1I1ti-,t1i,1 ... ing \Hlrpo ... (' ... , 

especially on synthetic image~ crcated algorithmic;ll1y. In ,lIlo1111'r re"'Pl'cl, convolll-

tion is also extensively used to reconstruct 3-D image,,> by prol'e ...... ing d,ll,l obl,linl'd 

from views of a target object from many different per ... pcclÎve .... In t11l", l',l"'C, 1Il1l'r-

polation filters might be used 10 recon'itruct 3-[) objects from their 2-1) projl'L'llon in 

a radar image. Convolution is also applicable to matched filtcnng ISkl,lr, IlJHHl, ,1 

telecommunicatlOn techmqllc whlCh pro\- Ide~ the lllaXIIllUJ'rl ...,lgn,Ii-lo-IHlI ... t· power 

ratio for a given transmItted ~ymbol waveform. In a digltill millchl'd fllter, the fl'

ceived signal is convolved with a filler who~e impllbe re"pon...,e i..., lhl' rever"'l'd 

waveform of the transmitted slgna1. 

The proble:n of convolving an .Y / S image wilh an M / M kernel h,l"" ,Hl 

order of computation of O( ,\'2,\12). Unfortunately, the u"efulne...,~ of convolution i..., 
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2. Background 

h,lmpered by cl treml'nÙOllr.., nllmber of computations that grow quadratically with 

b()Lh Lhe 1n1,lge ,md kL'rnel r..,1/er.., Thlc., taxes not nnly the arithmetlc capabihties of 

,1 gl'ner,ll-pmp()r..,e m,KhlJ1l' performing the computation, but also the bêmdwiàth 

of Itr.., rnl'rn(Jry r..,llhr..,y,,>Ll'\l1 "mce complltéltlon of il slIlgle re~ult reqUlres accessing its 

.\12 _1 neighburr.., r1nd thl'ir corrl'~pond mg kernel coefficIents. Thus low-level image 

prOCl'r..,r..,111g h,l<" Lo bl' performed nff-h ne If computers whose architecture does not 

m,llch Lhe CtllTlpllL.1tlOnal reljllIrements of convolution are employed. 

2.2 Architectures for Convolution 

Advance~ in very large seale integration (VLSI) technology over the last decade 

hilvl' m,ldp pn~r..,ible the reahzation of various parallel processors which were for

ml'rly impractic,ll tn blllld beCéll1Se of extravagant size and cost. The following 

sl'etion<, prl'<'l'nt ,lIl OVl'rVIeW of those parallel architectures that are particularly 

slIit,lble for convo]utlDn. 

2.2.1 Systolic Architecture 

TIll' concept of a sy~t(1lic ilrray WilS first introduced in the late seventies by Kung 

and Lebl'r">on 1 Kung and Leiserson, 1978] as an attempt to achieve more efficient 

computing fWIll sIlicon by balancing computation with 1/0 bandwidth. [n his 

l'xeelll'nt paper [Kung, \982] on the basic principle of systolic architectures, Kung 

writes: 

"In ,1 systolic system, data f10ws from the computer memory in a 

rhythrnic fashion, passing through man y processing elements before it 

retUrIlS lo memory, much (lS blond circula tes to and From the heart." 

7 
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Figure 2.2: Comparison between tr.ldition.ll.md ~ystoltl' .uehlh'durt'" 

By performing multiple computations for ecKh Ilwnlory .1CCl' .... ~f tlll' ~y...,tllIÎC .Hchi

tecture can speed up execution of compute-buunJ problel11'" ~\Ich .1'" convolution 

without increasing 1/0 requiremenls. Figure 2.2 I1hhLr.lLl'.., thl.., (OnCl'Pt 

A typical systolic array exhibits the follf'wing architectur.ll ch.lr.lCll'rbtÎCs. 

• Modularity: The structure is mêlde of ~impll', ..,lmil.H buildl11g blocb .11..,0 

called cells. They connect tD ellch other through reglll.H, weil L1l'IÎlll'd in

terfaces. As such, the êlrray mély be exh:'nded lIHlefll1Hely From.l VLSI 

stand point, modulant y and regularily .He Lwo élttributl'''' th.ll m.lkL' c.,yc.,tolic 

arrays very é1ttractive [Mead é1nd COl1way, 19H01 

• Synchronicity: A global dock synchroni.lec;; the operation of thl' Cl' Il .... 1 fow

ever, one of the Iimiting factors in bll1lding large ... y ... tolic ilrrrlyc., i ... tIlt' dif

ficulty tü achieve proper and rehable "'ynchroni/rltlon dlll' to dock .... k('wc..,. 

Different dock distnbution c.,cheme ... h,we beell propoc.,cd l() OVl rcornt> thic., 

problem [Dikaiakos and Steiglitz, 1991, Fi ... her and Kllng, 19H41. 

• Locality: The cells exh ibit local connection ... to re"trict clf(:IJla ti on of the uilla to 

irnrnediate neighbors. Only the boundary cell" of the r1fray rnily perform 1 j() 

ta and fram memory. Cantrary tn other parallel arC'hltectllfec., which "IIHer 
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2. Background 

From inll'rprdCl''>sor communIciltion overheild when the number of processing 

ekmenh Incrl'il,>e,>, il ">y,,>tohc array i1volds Irregular or long dlstilnce data 

(OmmIlIlICi1l101l whICh 111;lb .. ,,> Il l'i1sIIy expi1nJi1ble 

• Concurrcncy: Thl' procl'..,~mg power of the ~ystohc architecture cornes From 

pipehning the "tilge~ JI1volved ln the computiltion. At the array-Ievel, each 

Cl'Il pn)(e">">l'~ th l' informéltion ln such é1 way that the output it genet: ,'!~- is 

u,>pd ,).., ,111 Input tu é1 nelghboring processing elempnt. ln order to permit 

l'ven higlwr concllrrency and throughput, i1nother JeveJ of pipelining may be 

intrnduced, If pO"'''lbIL', ln c1l1ow the operations lIlside the cells to be pipelined 

;1,,> weil [Klinge, al., 19H1, Kungand Webb,19841. 

V,1Tious ~chemes hi1ve been proposed to map dlfferent image pro cess

ing c1lgorilhms and l1lillrix operations onto systolic topologies [Kung, 1982, 

K W,Hl ,md Sal1lllL'l, 19YO, Moreno and Lang, 19901. Since systolic arrays are fre

qUt'nlly impll'ml'Illl'd cl';; <;pl'cic1l-purpo~e or dedicélted devices acting in conjunction 

with ,1 hll~t cru, they offer high performi1nce élt i1 cost which might not always 

be jUStilll'd. For thb reilson, efforts have been deployed to develop arrays with 

progrilmm,lble processmg elements that can be used for multiple compute-bound 

problems. 

TIll' Wtlrp milchine [Annaratone,1987] for instance, is a systolic array de

vl'ln~1l'd at C1rIll'gie-Mellon University for many applications including signal 

,mû im'1ge proCl's~ing ilnù ilutonomous navigation for a robot vehicle called 

N,lVlab [Crislllc1ll,lI1d Webb, 1991J. The heart of the Warp computer is a short 

linl'.1r ,ur,lY collsisting of lell relis. Each cell is a 10-MFLOPS processor with a local 

progri\m ,1I1Ù data memory which Gill be programmed using a high-levellanguage. 

Tlw Wilrp .1rray IS c1tt.1ched to lin externéll host consisting of MC68020 processors 

for tr'l1l-"fl'rring dtltil to ,1J1d {rom the array. A VMEbus-based workstation provides 

thl' l'nvironmellt for running applications programs. 

9 



• 

• 

• 

The first commerCIal generlll-pllrpO~t' ~y~tolic computl'r, M.ltfl\.-\, trl'11l S.l\.p\' 

Computer CorporatIOn [Foulser, 1987] \Vas inlrodllù'd in \l.}~7 Il .ll·hil'H' .... won 

MFLOPS by means of cln clrrcly of up to 32 complll.1lwn.ll I\ml'o.;; F.1Ch /lllll' h.l .... 

a plpelined 32-bIt lldder and a multIplIer \VIth lllt' ~.mll' ch.H.1l'len .... !IC.... LI"-l' 111 .1 

single-instructlOn multiple-data (SIM\)) .Hc1l1tl'Cturl" l'.1Ch proCl' ........ ,)r n'Cl'l\'l' .... LIll' 

same instructions at Cl glven c10ck cyeiL' M,ltflX-\ l'an t\ll1ctll.m in o.;;v~lnhr l1Hldl' 111 

which data Clre transferred line.1rly ,lCross the l,ml'''' nr in bluc"- modl' 111 whkh .lll 

zonesopera~independen8~ 

Other non-programmable forms ot systolie hard W.1fl' h.Wl' bl'l'n dl'vl'Io~wd 

[Nash and Petrozolin, 1985, Kandle, 1987] to addrl's", specifie problem..... For in

stance, Loprestl [Lopresti, 1987] dl'scribes <1n nriglllc11 .1pplil'cltÎOI\ WIll'rt'.l .... yslolic 

array is llsed for corn pa ring nucleic llcid seqllcneL'~ 

Despite the introduction of a hmited numbcr of ""y"tolie 111.1(hl1\l' .... , lhi.., p.lr.ldigm 

has not yet delivered Us prornised fruits a~ few maehinl''''' h.wl' 100IIld tllL'lr W.1Y lu 

the marketplClce. Manohar and Biludet [Mil1lOhar ,lnd Baudet, \lJLJO] idl'nlily two 

major limitations of current systolic design". The fir...,l rl'latl''''' lo ll1l' !oKt lh.ll .... y~

tolic algorithms often requin:- cl procèssor clrr.ly who...,e ...,i/l' dl'PL'llll..., on tlll' ...,i/l' of 

the problem ta be solved. The second dril wback i.., dm' 10 tllL' hmitt'd b.md width 

between the host computer and the arrély. A~ il 11l,llter of f.Kl, ..,onll' ""y..,tu!Je ,m'hi

tectures require a bandwidth proportiolléll lu the nurnber of prm·l'...,,,ing dl'Jlwllh 

in the array. The authors propose some solutions to make <"y~l()hc ""O!tltHlIl" Ill()n .. 

practical. 

2.2.2 Other Parallel Architectures 

Over the last decade, novel computer architectures lor paréllll,l procc""mg h,lVl' 

been introduced. In fact, their wide variety i~ now forcing u<., lu qIH-,,,Uoll Flynn'" 

taxonomy [Flynn, 19661 of computers based on in<;truction élnd d.ltél "tre,H'!1". Flynn 

10 
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2. Bélck~round 

l·e..,e..,entirllly propoe..,cd four ciltegones of computers. 

1. S'SO hlllgll' In e..,lru ctJ on e..,trcilm, single data ~treélm) which corresponds to the 

1 In i pfl )l'l''.,e..,( lr 

2. SIMD hingle lI1e..,truction e..,treill1l, multiple data streams). 

1. M'SD (mllltiplP JJl~lruclion <;treal1lS, single data stream). This is a rather 

tl)L'Orellc,ll Crltegory i"te.., il 111volve~ multiple processors applying different in

..,lml tHm.., lu ,1 e..,mglL' drltum. 

4. MIMD (multlplc l11e..,lrllclion e..,treams, multiple data streams). 

Thi.., ie.., cl r,lthl'r COrH~l' mode! which does not provide for hybrid architectures 

~uch ,le.., pipclined Vl'ctor computers and systoJic arrays. While maintaining the 

c:-':-'l'ntirll kil',le.., (lf rlynn'.., taxollomy, Duncan [Duncan, 1990] classifies computer 

,lfchill'clllfl'''' mtn lhrcc cillegories' Synchronol1s, MIMD and MIMD paradigm. 

SynchrOIHllle.., compllll're.., inc\lIde SIMD imd systolic archItectures as weil as vec

lor ('nmptltl're.., e..,uch ,l~ the Cray X-MP [Robbins and Robbms, 1989] 1. Processors of 

thi" l'iltegory perform concurrenl operations 1lllockstep since they are synchronized 

\Vith l'ltl1l'r cl'ntrrll control unit~, veclor unit controllers or global clocks. SIMD ar

chill'clmc'" \Vith ,lll rlfl',lY topology ilre particulilrly sUlted for image processing 

.... inù' ,lJl idl'lllic,ll "et of operations I~ i1pplied thmughout an image either pixel by 

pn.l'I or l'l'gion by l'egion. Thl'rl'fore an image may be divided into N subimages 

which C.lll be pnKc .... "cd concurrently by N proces~ing elements. For instance, the 

,lCn':":-' ('on..,trilined nll'Illory afl',lY ,uchitecture (ACMAA) [Balsara and Irwin, 1991] 

i ..... 1 SIMD ,lfchitecturl' conslsting of il Iinear array of N processors and an N x N 

.urily ot memory modules. Eilch processor has two buses, one to access il row and 

one tll .lC('es~ ,1 cohnnn of memory. Wlth an ACMAA of size N, it is possible to 

COl1\'t)IVl' ,ln im.lgl' of .;;iZl' N " N with il kernel of size M " M 111 O(M2N) time 

l'fhe l'r.1Y \-MI' l'tlllld rlrgu,lbly 11l' tl'rmed MIMD. Howl'ver, vector proce~~m~ remaim the 
I\lnd.lllwnt,ll dl,H,h tl'n..,t1l' (lI ,hl~ COmp\ltl'T. 

11 
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compared to O(I"vf!N~) wi th a SISO mr1dl11ll' AIll1tl1L'r Pl)plIl.lr ~II\ 11) 1'" tlll' (, \11l1WÇ

tion Machine fronl Thinking t'v1tKhllll''' Cl1rpl)LltiDI1 [lldh..,. 1 q~r;1 Wllll..,l' m.I ...... I\·l' 

paral1elism makes It pl'rt1l1l'J1t to lo\\'-k\'l'I \'h\l)I~ pwbkm.., TIll' Ilhldl'I C~t-2 l.m 

be configured \\'Ith bl't"'l'l'n Ib~~4 .111d h:;'ï3b I-blt PWù'''''''llr.., t\lthllllgh hig .md 

expenslve, the CJ\.1-2 1'" ,1 h'y t.'IL'Il1L'1l1 ~lf tlh' Dt\Rl',\ Str.lll'gIC l llmplltl1lg \'hlllll 

program lWeem<.; cf al, 19911 ",hlch h.l~ lInpll'llll'nkd \'1"'\l1ll .llgmilhm ... l(lr thl'" 

revolutionaryarcilitccturc 

The second category, MIMD, 11l\'olvl'~ ,udlltl'clllrl' .... th,ll ,1re inlll'rl'ntiv IlWIl' 

flexible sinee processors lllay be 111lhvidll,1lly progr.lIllll11'd, MI MI) .... m.IV bl' t 1If

ther divldt·c! illto ~h,lred-11ll'mory and dl<.;tnbull'd-Il11'Ill11I'Y prul'l'...,...,llr..., Sh.Wl'd

memory computers c1CClllllphsh lIltl'rpWCt'''''''llr Cllordm.lllllll bv h.lVIng .1 ..,h.I!'l'd, 

global memory clddrl'~S,lbll' by l',1(h pnKl'..,..,or whlle dl..,tlïllltll,t\-llll'IlHlrv nll11-

puters achieve coordin.ltlon by ..,ellll1l1g ml''' .... .1gl' ... to l',ll'h (ltlll'r ÂIl l'X.1Il1-

pIe of shared-memory MI MD computl'r i.., the Sl'lPIl'llt ~yJl)l1ll'tl V Ml1ll1prol'l' .... -

sor [Lovett and Thilkkar, 19HHI ()11l' of thl' major probll'Ilh \VIth tl1l"" ,Hl hlll'ctllfL' 

turns out to be cache coherency Spl'CÎ,llllll'ch,'IlI"Ill'" ..,uch .1'" h.lrdw,ltl' "<., IllIO IHl1g" 

are therefore t1sed tn detH111llll' Whl'Il ..,h.1J'ed \l1Cllllll'y h,l" bl'l'Il IIpd.1lL'd ()n Ihl' 

other hand, the T414 triln"'pttll'r d1lp IWhllby-Slrl'vl'Il", 19H5j provldl' .... h,mlw.Hl' 

support for cnncurrency ,1Ild commltnll,lllOll, bulh of whlcll .Hl' l'...,..,elltl.ll 10 .Illy 

distributed-memory MI MD 11l:1chinl', Wlth Ih ')2-l1lt I~I~C proCl'..,..,ur, Ihl' tr.IIl"'IHII('r 

may therefore be used as a powl'rful building blllck f rom whll'h Ill'W p.H,J1II·1 dl'VIll'''' 

may be built. One of the principe1! challcngl',"> of dl'">tnbutl'd-IllL'l11ory :n 11Il!'l 111n'''' 

consists in de'1lgning ,1 <.,cal,lbll' computer whlch would ,1lh\('Vl' IIIH'.lr ""!ll'I·dIlP,j.., 

the number of proCl'S~or" incre,l'">l'S Thi" 1'-, e"pecI,llly dlfflclIh III t1111l1'Vl' bl'l ,1l1"l' 

of fast-gro'ving communicatIOn oVl'rlll'ild Inclùl'lll,ll1y,.1!l hYPl'rlllbl' .lrdlll!'l

ture [Freer, 1987] IS an attempt lo redllll' thl,"> llVl'rlW.ld A hypl'rcllhl' of dlllH'Il'">IOIl 

1/ connects together \ = 2" 11OÙl',"> tn '-,uch il W.1Y th,lt only (Jl1l' ,1ùdI1l()1l,11 l()ll1-

munication channel must be ,l(.ldeù to l'flch nodl' III order to ù()lll>lp thl' IIllrnhl'r of 

processors . 
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2 Background 

The I,l..,l (rltegory, MIMD pnrildigm, incllldes ilrchltectures bilsed on MIMD 

pnnL'lpIt'.., bill h,lVlIlg il fllnuamentally dI~tl1lctlve working concept. This group 

llllillde.., MI M J)/L,I MI) hybnd-" U(ltilflow ilnd \lVilvefront rlrChltectures. Basi

l,dly, d,ll,lflow ((lmpllll'r.., IN' lhe flow of Uiltil lu inltiilte the I:'xecution of an 

()~)(or,lll()11 (lIl"'l'<jlll'ntly,.ln Opl'r;ltlOn or instructIon mily execute rlS 500n as 

,111 01 Ih opl'rand.., bl'col1le élvrlIlélblL'. Howl'ver, these !nilchllll'S require a pow

('rflll ""lIpl'rVh\l1g "'y..,ll'!n whlC'h IIlvolve<., audltionill hilrdware ;md/or ~oftware. 

D,llrlW.lVl,lSchmidt and Cll'<"rlr, jYYj] b rl gonu eXil!nple of a processor which falls 

int() Ihl.., lrltl'gory TIll'-> 4-C;OPS (glg<1 oper<1lions per second) processor consists 

01 Ih Illl, .... h-l'o/ll1L'cled l'l,II.., ChrlTrlCtl'rI7l'd by ,1 ~ystoli( <1rr<1y topology and built-in 

drlLlllow control By Illtl'grrlling Ir. cclI.., III il 1.2-mIlhon-transistor chip, Datawave 

i.., l'llrrl'ntly onl' of LIll' rrHl' Il1I1ItlproCL'~ .... ors tn fit within ,1 single dup. Interestingly, 

il cm ~ll'rform real-lime imrlge compression/ decompres:-.ion bélsed on the Joint 

l'h()togrrlphlC Expl'rh Croup (JPEC) standélrd which is vital for many multimedia 

.lpphc.ltion.., 

13 
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Chapter 3 A Floating-Point Convolution Processor 

Recent ildvance~ in computer vblOn "'lIch ,1'" 1.1"'L'r '"tlllgL' Li,l!.l prlll'l' ...... lllg 

[Méllowilny ilnd M.1lowilny, 19MHl h,l\'l' Il'd to the li "l' ut ],lrgl'r l'l)I1\'l)hllll1ll "lT

nel sizes th,lt ,l("cummod,ltt:' tlO,lllllg-pOIllI ,H1lhnll'tll' \tVhlk Vll'ldl!lg ,1 1.ll'gel d\'

nélmic range llnd .l hlgher ,lccur,lCY by 1l111l1mi/mg round-olt Ih 1l"l', tlo,ltl1lg-po1l11 

arithmetic t.lXl'~ l'ven morl' thl' comput.ltlUllal C,lP,lhIlllll'" ut ,lnv gl'Il 'r'll-pllrpll'->l' 

machine. For m~tëll1ce, il convolution \Vith ,19 . l) kl'rI1l'1 on ,11 VplC.ll r; 12 r; 1211ll,1~',l' 

necessÎtiltes over 42 millJl)n tlo,lling-pninl o}1L'r.llioll" TYPIl"ll work"LltHlll'" "Ill Il 

as SPARCstation~ currl'lllly ,1\',l1l,lbll' cllllll' Mc( ;t11 Rl''-,l',lrd1 <. 'l'l1ll'l tlll' 11l1l'lhgl'111 

Machines (McRCIM) Vll'Id ,1 compUI,lllO!1,lll"lp,lbIlily llllllll'd 10 cl kw MI''1,()I'«-; 

When performl:.'d 011 thl':'l' machi!1e", Lhl' ,lIOI'l.'nll'!1110nl'd Ç0!1VOhlll111l tl'l]llIl'l'''' III 

the arder of 10 second ... of cru liml' 10 lompll'll' ,l ...... llJning Ih.ll II1\' tlo.llIllg-p(lJl)1 

unit is kept conL111uously busy Illnvl'vl'f, lhl ... ftgllrl' i,-> highly ()plll11t'->lll '->lllll' IIH' 

maXImum MFLOrS riltl' cannlll he ... u:.I,lined bl'c,lII'-,l' of Ihl' Ir,ldlllOJ),ll 1l11'l11ory 

b,l11d wid Ih bOlllL'lll'ck. 

The pursUll of l'ver fllslef proce ....... nr.., with rl'ill-LiI11L' proCf' ...... lllg l,lp,!lllhtll''' h,l .... 

lead engineers tu develop hlgh-pl'rfnrmllllcl' .lflhill'Clllrt'''' for w\lv(l!tIIIOIl ~() Irlr, 

most dedicilted sy..,lem ... hilvl' bel'n limltl'd lo lixl'd-polllt .mlhllll'IÎC .lllli "'111.111 k,'r

nel sizes. For lIlstilnce, il .... y..,ll'l1l Pfl'V)OII..,ly dl'''lglll'J dl MeC ;111 LJIlIV('r"lly f(lr 

robotic appliciltion ... used H-blt mtl'ger col'fllcll'llh .md .1.\ li wllHlow \ OI1VOIIl

tian size [Hllllle, 1990] Wilh multIplL' P,l..,..,l''', Lhi<., "Y<"!l'Ill w(Jllld p,'rf(Inn .l l) , l) 

convolution on il ,12 ' 512 im.lgl' III ,1boullllll.' "'l'(ond (>thl'r" h.lv!' Il,,,·tI dlgllcll 

signal processor~ (DSP..,) tu lInpll'l11l'lll b(llh flxl'J- ,ml! l!()clllllg-p()11l1 lOIlV()ItI

tions. For eXilmple, the pnpulc1f TMS120C10 fr(Jm TexrI" In ... trtlJlH'llh ylehJ ... d n 

MFLOPS performance [Papé'lmlchillJ" llnJ Slmilf, 14Hh, Lill l'lilI, Il 1H71 ,llld 111I'1'{'

fore could theoretlcally complete II convol\JtIon In ilb()lIt 1 21) "l'conJ provHJ(!c! th,ll 
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3. A Floatmg-Pomt ConvolutIOn Processor 

the pipeline l~ kept continuously busy. 

ln ordl'r to fmtl1l'r decrei1:-,e the time spent for convolution, it was decided 

to dcwlop.1 .... y"tolll f1odtlng-point convolution processor which could achieve the 

.Üorl'Illl·ntioned c()nvolutlon m under one second. In addition, the processor would 

be J!l1pll'nlenteJ .1" .ln "lI1telligent" pl'ripheral which would easlly integrate into the 

rl'''l'.uch ellvlronml'I1t, 111 thl~ ca~e, a muItiprocessor VMEbl1s-based system called 

tlll' ~l'll"or Compllting Environment [McRCIM, 19901. The SCE includes a number 

of .... mglt'-board compllter<; and peripheral boards such as il laser rangefinder and a 

varirlbll·- .... C,lll caml'ra WhlCh commUlllcate throl1gh the VMEbus backplane. They 

mn Illldl'r VxWorb (WmdRlvl'r Softwilre), a reaHime "flavor" of the widely used 

UN 1 X oper.1tll1g .... y .... ll'Ill. 

TI1l' followmg ~l'ctions present the architecture of the systolic floating-point 

con vollltioJ) proces~or which has rl'sul ted from this effort. 

3.1 System Architecture 

A .... "hown 111 Figure 3.1, the core of the system is the systolic array of custom 

VI,SI processor~. Rach processor implements the basic multiply and accumulate 

oper,ltlon \Jl 1 EEE dOllble precision format. The array is configured in 9 rows of 9 

Cll .... lOJ1) chip~ clnd rlllow~ a 9 by 9 kernel to be applied in a single pass. The array 

r.m ,ll .... n l1L' ronfigured for I-D data, in winch case an FIR filter with 81 coefficients 

(',m LlL' impll'Illl'nh:.'d. 

Onl' pl the morl' çhalh:1nging problems in designing around array processors is 

tn moVl' data tn and from the array efficiently while keeping the processors as busy 

cl", pn ... sibll' Unlikl' gl'neréll-purpose computers with load and store instructions, 

dl'dk,ltl'd .... y"'tl)he proces",ors need additional circuitry to supply the data sequence 

to 11ll' .lrr.1\, .1I1d tn store It ,tfter processing. Since most of the image processing 

fl' .... l' .. trd' b dOIlL' on workstations based on the Vl\1Ebus, the system includes a DMA 
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engine built from an embedded Motorola bH020 mkfl)pfl)cl'~~or .md .1 \'Tl' VIl'-

068 VMEbus mterface controller. The DMA l'ngml' 1" rl'spl1\l~lbll' Il)r tf.1l1<.,lernng 

images (or signaIs) from él hast computer memory .llld for \\'ntin~). tlll' l'lm\'ol\'f..'d 

image back to host memory. 

Row 1 
Input f--- Row2 1-- Output 

Converter Delay Row3 Converter and 
Memory Row4 9 by 9 Decullcltlon 

r 
Circuit Row 5 Systoltc 

• and Row6 Convolution 
Interpolation Row 7 Array 

Input Row 8 Output 

FIFO Row9 FIFO 

T • 
Local Bus (68020 protocol) 

1 

l 1 l l 
VME'bus 1 Local RAM 1 Local ROM 1 Interface 68020 
Controller 

l 
VMEbus 

Figure 3.1: ArchitecturE' of li1€' convolutton plol'es~ol' 

The DMA engine reélds the source imllge with 4K tr<1\l..,fl'r.., into tlll' input FI!-'() 

(first-in, first-out) buffer. As depicted in Figure ~.I, ,111 Il1pul Ct lI1Vl'rler re,ll)'" d.lt.l 

from the FIFO ;md con verts it in to double prl'ci..,lon f1o.)llllg-poin l III lin I1l·r.., ... uil.lhll· 

for the systolir array processors. Th\~ converter 1 ... reqlllrl'u ~ince im.lgl·-procl· ... ..,mg 

data often originates in integer format. POl' example, Ino ... t fr,lmc grilbbl·r.., gl'Ill'riltl' 

8-bit data; the laser rangefinder \l~ed at McRClM generatl'''' 16-bll Vrlltll'''' Thl' 

input converter can also pilSS along datil illreildy in floilting-point format ..,lIeh .h 

the results of intermediary computation.., where the full preci..,\()n of fl(),lting-poim 

is desired . 

A delay memory circuit (OMe) then takes carl' of feeding the line.., of the image 
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[Feature Description 

~Architecture t Sy,tolic -- -- - - ----- ------ --
SIgnai type.., 1-D or 2- D 
Nb ()fpf(lCe<;,>or<; Hl 
Ké .. -ney---- - --- -~f~-lj(2-D) 

_~m '-IJ5~~a tion Hl / 1 (1-D) 
Arithmetic IEEE 754 

Double Precision EP. 
(64 bits) 

Bus VME 
Input data 8/16-bit integers or 

64-bit EP. 
~-----

OUlpJt data 8-bit integers or 
64-bit EP. 

-----
Interpoliltlon Up-sampling 

(2x or 4x) 
DMA engine MC68020 with 

VTC VIC-068 
'Ëstimated 126 MFLOPS 
performilnce with 12.5 MHz clock 

Table 3.1: Fecltures of the convolution system 

lo lhe convolution .lTTay in the proper sequence. Each line is sent ta the array 9 

tinll's, OnCl\ for l\,Il:h row in the ôTTily. In additIOn, the DMC handles the border 

Cffl\cts by l\xtending the source image with a border of zero-valued samples. It 

maya Iso Lw u~ed to raise the sampling rate of the data being processed by inserting 

/ero-valul'd ~amples into the original data stream. When combined with the proper 

codlicients in the systolic array, different fiILers can be implemented to perform 

intl\rpola tion. 

Dat.1 coming out ot the systolic ilrray is processed by the output con ver ter 

whkh maps the tloating-point numbers back into integer format if required. This 

provcs tn be u'-'eful when the resulting image is ta be displayed on a monitor 

(CRT). TIll' output converter 111ay also be bypassed if high accuracy is desired, 

l\spl'dc1lly whl~n performing multiple passes on the image. The output converter 

wrill's lo the output FIFO buffer. The DMA engine ensures that no data are lost by 
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transferring convoived samples back tn host melnorv \\'ht.'lll'\'l'I" thL' FIFt) bUltl'l" 

becomes haH-full. 

Table 3.1 presents sorne of the characteristics tif th l' wnvoll1lion ~y~tl'Ill. Fl1rtl\l'1" 

detaiIs are given in the following sections. 

3.2 The Systolic Array 

The systolic arrcly consists of 81 processing element.;; .11'10 (',llled cL'lI ... , which rOIll

municate with two of their neighbors. On the boar': e"ch ceU iq physically fl'prl'

sented by a 40-pin chip of which 34 pins arc tlsed. The ellrrent vl'rsion 01 tlll' Cl'II 

implernents approximately 49 000 tran~btors, [Côté, 19l)(), LHoehl'lk t'lil/., IWNI 

The chip has been designed in the MeGill VLSI 1,lbnr.1tory in COlllplillllCl' wilh 

the Northern Telecom CMOS3 DLM technology [C,lll, 19H91 Ti1l' CM()S:~ I>LM 

is a 3-micron P-welJ CMOS process with :-;inglL'-levl'l pllly~llicon ,Hld dOllblt'-It'Vl·1 

metal. Circuit fabriciltion is ilvailclble throJ!gh the C,ll1,HJian Mlcroelcctromc,", Cor

poration (CMC) which operales an integrilted circuit implelllL'nttltHlIl "ervin' 01-

fered to aIl majer universities across Canada, At thl-' timl' of thi ... writing, Hw t'hip 

had been revised and re-submitted to the CMC for filbricatÎoll. 

3.2.1 Data Flow in the Systolic Cell 

The systolic cell executes the following operation: 

hJII,1 = (X 111 -t (,f) + }/ 1/1 (:1.1 ) 

An incoming va lue (Xin) is multiphed with il coeffici ent(C) )oilded in to the cl'II prior 

to convolution. The result is then added to tlw p;utiill ~Ilm (Yin) coming frorn the 

previous processor, Each operand (64-bit f1oilting-point number) i.., <.,eriilJJy Jo,lded 
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by grollP" of four bIts tn accommodate the pin packaging constraints. The familiar 

mllltiply ,md accumu lélte operé1tion is easily di vided 1nto simpler opera tians which 

r,ln lX' Impll'llll'nll'J with thrl'l' pipeline "tages. By allowing the arithmetic opera

tion.., lIl<,iOl' thl' (l'II.., lo bl' pl pl'llI1l:'d, cl ~ignificant increase in throughpu t is realized 

<,lI1et..' thl' <.,y..,tl'Ill Cyell' timl' becollle" equal to the tune of a single pipeline stage in 

thl' cdl rathl'r th,lIl thl' wholL' cl'II cycle tllne. The three processing stages are shown 

111 Figure 32 ,Incl executl' the multlphCcltlon, the additIOn and the normalization. 

E,lCh <.,t,lge rl'qllirl'<" 16 clock cyd('~ to complete (thls is ca lied a pipeline cycle) and 

thl .... I1lcltdll'<., thl' rilte ill which the operands are loaded into the cell (16 cycles x 

4 bIt<.,jcycll' = 64 blt~). The plpelme a Iso implements sorne shift registers ta delay 

tlll' dat,) tlow for prnper coordination of the operands. 

Xin-;f 32 by 4 bit wlde sMt reglsler 7f<out 

1 / 
/4 ~ 

STAGE 1 
multiplication 

,{64 
15 by 4 16by4 

Vin 

* 
shlfl ~ 

STAGE 2 
--tI shlfl K-reglsler addition reglsler 

Voul 

{s4 / 
64 

STAGE 3 r-
normallzatlon 

Figwe 3.2: Systolic cell.ll'chitecture 

3.2.2 Data Flow in the Systolic Array 

À systolic cell hels the ilbility ta cotnmunica te synchronously with other similar 

cl'lls. ThIs property allows the realization of various arrays of systolic cells work

ing cOllcurrently. Therefare, it is possible to introduce pipelining at the array 
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level which will further increase throughpllt. At thls lt.'Vl'l. l'.lçh l'dl 11l'nl1l11'~ il 

pipeline stage which circulates é1 pixel intensity value ,1nd ,1 p,utl,ll rl'sult ln LIll' 

nex t processor. 

In this convolver architecture the in terconnl'ction bl'tWl'l'll LIll' cl'll" l.',ltl Lw l'lln-

figured to operate on 1-0 or 2-D data. In the I-D wnflgur,llion, tilt' systolk l'dl" 

are simply cà~(';jded to form a convolution window of "i/L' Hl· 1. 1 n tl1l' 2,-1) 

configuratlCln, the cel1~ are interconnected lo crl'atl' .l l) • l} window. Thl' mndl' 01 

operation can easily be changed with multiplexer ... ,1'- ",hown in Figurt.' :1.:1. 1 )\Il' 

to spa ce constraints, a sl1laller array of ~izL' 3 ' ~ It- Il1u~lr(lled bill tllL' conCl'pt b 

similar for the 9 '>( 9 array. 

IIwl Xm Xllut ~ Xm XliII! r--- XIII Xlln! ~ 

CI t:2 n 
fI--?O l'm Yuut ~ ,'ill \' 11111 f---- \'111 "unl~ 

R 
Lfilll Xm Xuul ~ Xm XUIII ~ \111 Xunl 1--

(~l;gJ. ('4 ('S ('(, 
MUX 

L...;. \'111 Yuul ~ \'111 YUllt r--- y III YUIII r-J 

~ Xm Xuut ~ Xm XIlIII ~.". Xin XUIII 
~ 

o~_ ('7 C~ ('9 
MllX 

J{('\I 
L...;. Yin rnut ~ Ym YIIIII - Ym "uut ~ 

lit 

Figure 3.3: Systolic cl ml y for ('On volutlon 

When configured to opera te on )-[) d,ll,l, il "ample entenng tlll' ,ur,lY will 

be circulated systolically through the ~I procc""llr<,. The ronvolvl'd ,,>ample Indy 

therefore be collected at the output of the lil<,t œil ilfter 1. cycle ... Wht'fl' 1. 1'" tlll' 

number of pipeline stages inside a cell time':> the number of ((,II" 1 n thi'- l,l<'l', 

k = 243 since there are 81 celb implementing l arithmetic "tage" l'rlCh. Tu flJriher 

iIlustrate how data f10w through the array, Figure l.4 <,howr., the conll'nh of twu 

adjacent systolic ceUs pre-Ioaded with coefficient" CO and CI (l' four r.,1I(C'l·..,,,,ive 
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cycle"" tO, tl, t2 ilnù 13 It is ils,>umed that these snapshots show the content of 

the regl,>ter':-> élt the end of il pipeline cycle ilnd thé'lt blank reglsters hold garbage. 

From thl'> plcture, Il "hould be ilppéuent that, when the pipeline is full, a convolved 

'>ilmple j<, produceù l'very cycle. 

r IVlJ 10 

, . -- -------1 " !' 1 

1 '" s~ 
. .c=;;----J ' ", , 

IIML (1 
, 

l" )--+-~_--1[ n ~,- -- -j -1'0 --H-- 1'0 

1 

{ 1 

J lM! - t2 

1~-,·-,--'-I-'-"---' ~-l- -----, l" 1 1'1 ~iPl 
1 ~L----~----

, (11 ~,~ ,,[ ___ ,_,;~,~ 

" ~L---"--.--JH ,,,,1, 1 
, l '''1'' 1 

,,' 

r , , , 
1 

TIML ~., 

l" --_+-__ --{ " ... 

L-I ---;:=1---, 
( 11 

" ---~-\_'-' -" ( {lpl 
L....-,-----' ~'OP':>'<"1'1 

! 

Figure 3.4: Data flow in the systolic array 

Tht:.' systolic array may also be configured to operate on two-dimensional data 

lIsllally rl'prl'''l'nted .,,, images. In this mode, the pixels move through an array of 

1) rows of 9 cells l'clch (i.e. 81 cells), 50 that the pipEline delay (/': = 243) is exactly 

thl' saille as in the 1-0 mode. However, the data flow differs since the convolution 

window will overlap 9 rows of an image at any time. It l'an be easily inferred from 
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Figure 3.3 that, at each cycle, q pixels enter the .1rr.ly . 

Regarding a raster-scanned image as a 1-0 arr,lY of pb.l'b, lhell, ,H tin1l' If tlw 

following q pixels enter the array: 

• pixel JI enters row 1 

• pixel JI + Il' - d etHers row 2 

• pixel JI + 2( Il' - li) etHers row 3 

• pixel JI + (11 - 1)( /() - d) en ters row /1 

where Il' corresponds to the width of the image and d i5 thl' dL'l.1y incurrl'd III 

traversing one row of the array. Thus, the de1.ly is l'quaI ln lhe Ilulllber of pi~)L'lilll' 

stages in one row. In this design, d = 27 since there are y L'db of 3 ~l,lge~ l'.lch pl'r 

row. As the convolution window scans the row., toward the bottom of LIll' im.1gl', 

it can be seen that the pixels will be .:;ent Y timl's lo the array l'xcepl for lho~l' Ill'.H 

the top and bottom borders. 

3.3 The Delay Memory Circuit 

In this convolver architecture, pixels have ta be read only once from ho<.,t ml'Jl10ry 

even though they are used in 81 multiplications. Thic., diltil re-Il~l' (',lP,lbihty grl',ltly 

decreases traHie on the VMEbus and further en.lblec., Lill' CO!1volulu)J) bo,lf<! lD uc.,p 

the bus sporadically 50 that other mil<.,ter devin'c., m,lY t.tke con Lr{ll of the VMEblb 

during ,1 convolution operiltion. However, Lhl~ bandwldth reJuctioJ) 1<., n',IIi/l'J al 

the expense of hardware complexity on the board. In p,lrllcul,lr, d Jel,lY menwry 

circuit (DMC) stores multiple imélge rows so thélt pixel" neeJ only be fetdll'd from 

memory once although they are sent tü the "ystolic arrily 9 timl'<', 

An Image is 1Jsually flcquired by él rastt:r scan methoJ whlch proJuce.., il 1-1) 

array of pixels stored in host memory. The DMA engme lriln..,fer.., the Imagl' from 
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ho"t memory to the board in one sequential stream of pixels. Starting from the 

upper left corner, e,Kh row 1<., tranc;ferred one ilfter the other down to the lower 

nght c( ,rner of the Imilge When operatmg in 2-D mode, the OMC must re-organize 

the incomll1g délia "equence ~'_) il'> tu creé'lte 9 streilms, one for eilch row of the array. 

Conceptllfllly, illl ~treé1m" arc 51milar but delayed from each other by a constant 

f,lclor TIll' Ii<.,tream delay", expressed in pixels, is l'quaI ta the width of the image 

mil1l1 .... L1w plpelil1l' delily. In order to accommodatl' this particularity, the DMC 

implemt1llh H ClrclIlar RAM buffers through which the II1commg pixel sequence 

clrclJlil tl'''. Row~ of the c;ystolic array rt'ccive datél from their respective circular 

buffer l'XCl'pt row <) ilt the bottom which is fl'd directly with the incoming pixel 

"tream Thl' internaI working of the OMC will be presented in chapter 4. 

When 0pt::'rating in 1-0 mode, the data stream sent ta the array by the DMC 

will be the "aille ,)" the "equcnce in which the signal 15 trémsferred ta the board. 

rl1l'reforl', the t,)~k of the DMC comes down to télking care of the border eHects at 

thl' lwginning and at the end of the data stream. 

3.3.1 Border effeds 

Special il ttenlÎon should be devoted to the border eHects. Figuratively, this problem 

occurs only along the bord ers because the sliding window lies partly outside the 

image A~ cl n'suIt, there IS msufficil'nt délta to convolve any border pixel. A 

choÎCl' must be made on how tü compute the intensity value of those virtual pixels. 

Many "ollltion~ L'xist tn overcome this problem but none is completely satisfélctory 

ILevinl.', \9HS1. LlIH:'c1f mterpolation élnd image tmrroring along the élxes yield good 

rl"'IlJ1ts but involve computing overhead dHficult to implement in hardware. 

Tht.' ~l)ll1tlOn rl'lained here IS simple and consists in enlarging the image along 

the bordel's \Vith zero-valued pixels. Since the center of the sliding window is 

initicllly positioned on the upper le ft corner of the image, it can be seen that a frame 
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of four zero-valued pixels has to be inserted along the iour ~iLiL'~ ot tIlt' im.1gl' 10 fill 

the empty slots under the window. This way, the convl)lvl'd imagl' will hl' nt tlll' 

same size as the source image and no ime1ge shi(t will occur. Im.lgl' "llItt .... Ihlllld Lw 

avoided especially if the same image is 10 be convolved nwrl' th.lIl once bl'l\mSl' .\ 

cumulative shift would posslbly cau~l' partl.ll10ss of mform.llilHl 

ln the case where the zero-valued pixel ..:;ol\1tion wO\lld yll'1d \In~.1lbf.1ctory 

results, it is still possible to extend the imagl' with inll'rpolated or mirrored v.lhll'~ 

in software before transferring the image tn the convolvl'r. I\'- ,1 rl'~\l11, l'xtr,l 

processing would have to be done on the host compull'r bolh bdore and .l'kr tlll' 

convolution for inserting and deleting the border. The new size of the im.lgL' wO\1ld 

also have to be given to the convolution processor at initializalion. 

3.3.2 Up-sampling 

The DMC may aiso be used for increasing the sampling rilte of il Il imr1gl' or.l ~Ign,ll 

for interpolation. This is easily achieved by inserting one nr th n'l' l't'ro-v,lhIL,d 

samples between each sample of the originill drlta depcllLJing on the IIp-..... lI11plillg 

mode (2x or 4x). The new sequence b lhen pushed to the ilrr,lY WhO"'l' copffidl'Ilh 

perform interpolation on the up-sampled imilgc. Thb fl'iltme proVl'''' tn hl' Il ... dul 

since many applications of digitillimage and signal proce~~ing lleCl'~"'lt.lll' ,] ch,mgll 

in the sampling rate of a digital ~ignal. 

3.4 The Converters 

The systolic processor can only operate on double precision f1oilting-point dillel. 

Yet, most source data is only available in integer formals. For thi ... rl'ilr.,OIl, iln inpllt 

converter transforms the incoming mteger dilta strerlm mlo il f1oéltmg-poml dal,] 

stream which is sent lhrectly to the delay memory circuit. SimIli1rly, rlt tlll' output, 
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,1 f1(),1ting-point to integer converter restores the data for displaying results on a 

!l1ol1llor (CRT). 

3.4.1 Overview of the IEEE Floating-Point Standard 

ln LIll' pa..,t, m:1nllfilcturer~ llsed different proprietary formats to store the numbers 

,1IlÙ dit! not <llway~ return the correctly rounded results of cornmon operations 

1 Fergu'-,on, 19911. A <.., the \1<,(:' of nOël ting-poin t arithmetic increëlsed, the need for 

il ~tilndrlrd repre..,entiltlon becilme nl'cessary. In 1985, ëln IEEE working group 

pn'''l'ntt'd the 1 EEE 7~4 standilrd whose goal is to improve software and hardware 

port"bility. The ~tandard describes: 

• The tlOcl ting-point format (single and double precision). 

• The c01llbination (rounding) of tlaating-point through common operations 

such as <lddition, multiplication and division. 

• Thl' behavior 1l1ldpr l'rror conditions (division by zero, overflow ... ). 

Sinet' the on-boilrd convl'rters comply with this standard, an overview of the 

double precision floating-point representation is presented. For complete details 

,lbout tlll' IEEE 754, the reader i~ referred ta [IEE, 19851 

6J 
high 
1 

bit 
Sign 

Il bits 52 bits 
Exponent Mantissa 

Figure 3.5: Doubl!:' precisIOn floilting-pomt represent.ltJon 

o 
low 

As Figure 3.5 shows, il double precision number is 64 bits long; one bit for 

the sign (0 = positive, 1 = negativl'), 11 bits for the l'xponent and 52 bits for the 
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mantic;c;a. In order to ensure a unique internaI rt.'P!'l''''l'nt,)tlOn Il'!' l'.lCh FP lllimber, 

the exponent is adjusted 50 that the mantissa hl)'" .111 ImpliL'd 1 bl'll'I'l' lb hll\,lf\' 

point. This 1l0nwll!:atlOll meéll1S that the 1 in front nt the bina l'y point llL'l'd 11111 h' 

stored since it 15 always present St" 1)lthOJgh thl'I'l' are :;2 bit-. III tlll' m,mtl ... ",l, Il 

53-bit precision IS provided. 

The exponent value b represented using thl' CÏl~'~S W:!3 1/0Iall0// which giVl'~ 

values in the range -1 023 to 1024. In other words, the decim.ll v.lhll' (1') l)f .11ll1mlwr 

is: 

Il = (-1 r ~ (1./1 lU 1/ /) ~ 2 (t/ /'- 1112 Il (.1 2) 

where ... is the sign, 11/(/11/ ,md ( ''Il are the dedmall'q111villent 01 tlll' Illimtis~.l .1nd thl' 

exponent respectively. In the excess 1023 notation, .ln eXpOlll'nt with tlll' lll,lXinltlm 

value represents infinity (<:X)) only if tht' rnantis ..... ) i" 7l'ro olhL'J'WI"'l' Il i ... ,1 N,lN (Iloi 

a number). An exponent with the mmlmum villuL' rl'prl'..,l'nh .1l.erO If tlll' m.mti..,..,.l 

is nu Il, otherwÎse it Îndicate~ an undertlow . 

3.4.2 Input Converter 

The input converter [Drolet ct al., 1940] b the first procec.,sing c.,t,lgl' of tlll' pipl'IIIH' 

It reads the integer data from the input FIFO buffer ,md reqllin'.., 1 (1 c10ck l ycl('" to 

complete a converSIOn. Thus, at the end of each pipeline cycle ,1 new f1orlllllg-point 

number is read y to be sen t to the dt'Icl y mel110ry circuit The Cl/rrell t ll11plellH 'nlrtlion 

of the converter operales in thrl-'l' mode..,. In the Ilr"t two 1ll00lec" ii-bit ,lIlt! IfI-hlt 

integers can be converled tn 64-bit floilling-point numberc, Yl't, Iht'c,l' conVI'NOIlC, 

only yield positive numbers sincr Il i.., ilc.,c..,lIl11ed lhill thl' tntl'gl'r.., rl'l1f('c,I'nt plxl'I 

intensity values which elrc positive. In the Irunsf1an'nl modl', the IIlplll IOJ1Vl'rl('r 

expects floating-pomt samples which it pil""ec., on to the delc1Y rnpl1lory nrclllt 

without conversion . 
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3.4.3 Output Converter 

The o,ll,l cOllllng Ollt of the ~yc;,t()lic anay may ue processed by the output converter 

whirh Illap"> the florlting-point rl'sult" back into integer format. Due te the ùynamic 

r,mge OI .... prHity bl'tween the two formats, it is impossible tü make a one-to-one 

m,lpplllg. For thi<, rl'il'-,OI1, an mtl'rvill of floating-pomt values must be mapped to 

rl ">ingll> 1I1t('gl'r by ml't1I1"> of él look-up table whlCh supports both Iinear élnd non

linl'rlr !l1l1pping'-, ])uflng COnVl'r">lon, il blllilry scarch mto the Jook-up télble will 

Ill'rrltiVl'ly tlilO thl'lIlll'gl'r whlCh Jnilp" tn a floatmg-point mLervéll. An appropriélte 

impll'nll'nlillion of Lhl' algonthm will illlow completion of one conversion every 

pipl'linl' cycle The convl'rLeù pixels élre "tored temporélrily into an output FIFO 

bllffer which rl'qlll',,>t~ DMA tran"fcrs when half full. 

ln ,1IlY Crl"l' when n111lliple convolutions are to be performed on the Sélrne image, 

thl' outpul COnVl'rlL'r may be bypélssed tn al10w storage of floating-point interme

diillL' re~lIlh. Thi .... mode of oper;"Jtion prevents errors due to repeated conversions 

betWPl'11 IllI111L'nC formilb WhlCh would otherwise result. However, it élIsa gener

,1ll>~ more memory tr,lfflc due tn Its illcreased storage requirements. 

3.5 The VMEbus Interface 

A system ~lIch.,.., tlll' Sensor Computing Environment(SCE) of the McGill computer 

Vision laborrltory consists of r1 set of subsystems that need tü be interfaced tü eélch 

olher. h)r in~tanCl', tht:.' SCE mdudes il number of general-purpose computers as 

WL'I1,1~ ,1 Irl"L'r rangl'fmder, r1 vilriilble-SCélll camerél ilnd eventllally, the convolution 

pfl)Cl'~~or ()bviolhly, tlwrL' i" a I1ped for communication between the J /0 devices 

,1Ild l'pu .... But tl1L' dL'VICL'S ~hould ,llso be able to access memory if the information 

b to bl' ..,hrHl'd ,lmong the ~t1bsystems. 

Thl' SCE relies on the YMEbus toestablish a shared communication link between 
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the subsystems. This standard bu~ nrganiz.ltIon nlÎl'r,;; low cc ... ! .llld \'l'r .... ltlltlr lh.l! 

allow::, a breed of new devÎCes to be e<1.,ilv ,1ddl'd 10 tlw .;;v ... ll'm TIll' V~lFbll"" 

specificatic'11 manual [Mot, 19821 give~ tlll' Ch,'f.Kteri .... t k .... (lI mod \Ill'''' .md pwtl ll" li ... 

which define the interactlUn bt:,twel'\1 tl1l' bu., ,Hld dt'Vlcl'';; mll'rt.1Cl'd Illit t:lglll'l' J Il 

illustra tes how the dl'vÎcl's COI1I1l'cl to lhl' VMEbu ... Thl' ... lgn.l1 .... \\'hi, Il m.lkl' IIp llll' 

bus are dlvÎded mlll four c,ltl'gonl's. TIlt' tlala t / Ill/Sk/ /71/ ~ (l JI 'In li. 'n t.lll\<'" ~2 .1dtl Il· ...... 

lines, 32 data lines ,1:-- weil <1:-- thl'ir ,' .... ~od.lll'd control ~igll,l\..... ll/t' 1'//01/111/II/t'/1I1111 

(Pl) lines il110W device~ ln mterrupt normal bl1~ ,lctivlly .1Ild (.\11 hl' pJ'lllnll/l'd mln 

a maximum of 71evels 7ÏJl' OTR all1/tratlO/1 (Ln RA) (on "i ... \<., 01 .... ign.ll ... wlllch l·n.lblL· 

different bus mélsters to lilke control of tlw bus in turn. Fin,llly, II/l' III ill/y (1 ['[,IJ 

lin es provide for system initié11izatinl1 and t.lllurl' deIL'cllOll. 
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Figure 3.6: Subsy~tpJll~ ,mL! thelr 111ll'rt,lll' tu lIlt' VMI:bu" 

ln order to take advanlélge of thl' fe,llures élVililélble wlth lhe VMEbll<." il W,l<" 

decided todesign an "intelligent"mterfélce whlch woulJ hnk the convolution bO.lnJ 
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3. A Floating-Point Convolution Processor 

to the VMEbu~. The advantages of an intelligent interface are numerous: 

• Fret''' the ho"t CPU dUTlng convolution operation. 

• Added flexibility through software. 

• Partiill control of the convolution processor. 

• Mllitiple chilnnel DMA controller (fully programmable). 

An intelligent interfilce unburdens the host CPU. This is highly desirable in 

il multit,bking environment especially when time-critical operations are pending. 

Moreover, ,1 progrilmmable interface adds more f1exibility and providec: for future 

extension .. In ilddition to taking care ot the 1/0 operations, it properly initiahL.es 

the pn)Cl' .... ~or and himdles the pipeline fill and flush delays, respectively at the 

beginnl11g cllld at the end of a convolution operation. The next section presents an 

overvil'w of the' mterface . 

3.5.1 The DMA Engine 

The milin tilsk of the interface is to move information between the convolution pro

l'essor ilnd memory. Most of these 1/0 operations in volve block transfers which 

,Hl' l1l'st hilndled with direct memory accesses. The solution that was adopted, 

a~ ~hown in Figures :1 1 êll1d 3.6, is the use of an embedded Motorola 68020 mi

croproCl'ssor and a VTC VIC-068 VMEbus interface controller. The VIC, whose 

oper,.tion is set up by the 68020, implements the necessary functional modules to 

drive dlrl'ctly bath the VMEbus Iines and the 6eû20 local bus. This translates to the 

following capabilities: 

• BliS master: The VIC can request control of the 68020 local bus and the 

VMEbllS ta perform DMA transfers. 
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3. A Flo.ltin~-romt Convolution Prol'l'~~OI' 

• Bus slave: The host computer may access on-board rl'SOllrù'S of tlll' convolu

tion processor. 

• VMEbus interrupter: The VIC generates iln interrllpt to indic"tl' tht' l'nd of a 

convolution operation. 

• Interrupt controller for the local CPU: The VIC prioritizl's on-bl' ud Itllerrupt 

requests and forces the local cru to initiate DM" transtl'rs. 

• Inter-processor communication: The host CPU and thl' local l'PU may COI11-

municate through special registers mapped to the VMEblls addrl'~s ~pacl'. 

Upon power up, the 68020 processor begins eXl'clIting the code ..:;lon.'li in llw 10C,ll 

ROM. Initialization of the VIC registers follows ilnd Il progralll i" downlorldl'd into 

the local32K RAM. At this point, the 68020 starts running the progr,Hll tlnd ,1W,litS 

further instructions from the host cru. A host command might rl'qlle~l ,1 lll'W ~el 

of coefficients to be downloaded rlnd a new set of vailles for the look-up t,lbll' 01 tlll' 

output converter might also be desired. Il IS l'ven pO~t-.ibll' to rl'configure tlll' on

board programmable gate arrays by downloading the appropnall' conligur,ltion 

files from the host memory. But mo~t importilntly, the hot-.t, through tilt' intl'r

processor communication registers, can initiate él convolution opl'riltion. Il dOl'" 

this by sending ét message which contains the sttlrting addre"" of the .... ourel' imtlgl' 

or signal, its length, the address where the re..,ult~ are to be ~tored, the IIlput ilnd 

output data formats and the up-sl'impling mode. 

As convolution is being executed, the 68020 enters illoop which ,>ch up the DMA 

registers of the VIC. Although there élre no segment..:; in the fiH020 architecture, thl' 

VIC transfers blacks of only 256 bytes ,md therefore mu .... t hilve the content of ih 

DMA registers incremented repeatedly for lilrger block move ..... The VIC m,lXlmize~ 

bus throughput by using the burst mode and by taking advimtage of the full width 

of the data bus . 
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3. A FIoating-Point Convolution Processor 

FIFO bllffer"i ("iec Figure 3.1) permit asynchronous communication between the 

ho..,t memnry élTld the convo)ver. ThllS, the DMA can use the bus sporadically at 

il<, highl,..,t rilte while the convolver works at a much )ower but constant rate. Yet, 

on clvemge, both device~ operélte at the Sélme speed. For instance, when using 8-bit 

integer~ both <lt the input élnd output (assuming a 12.5 MHz clock), an average of 

1.Sh Mbyte..;jsecond hélve to be transferred over the VMEbus. On the other hand, if 

M-bil t1o{lting-point numbers élre desired both at the input and output, then a 12.5 

Mbyte..,j..,econd bimdwidth is required. For further details on the DMA engine, the 

reilder I~ referred to [P;lllisset ct al., 19901. 
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Chapter4 The Design of Auxiliary Subsystems 

Although the floating-point systolic array repn.'sl~nts the corl' 01 tilt' Cl)lwolution 

system, a few auxiliary units provide indispensable help in converting J.llll ln the 

appropria te format and in feeding the ilrray with the proper dllt" ~l'q\ll'IKl'. Thb 

chapter addresses the design of these subsystems nilnll'ly, an input COIlVl'rter, Il 

delay memory circuit and an output converter. The archItecture of l'<lCh sl1b~y~ll'm 

is presented in greater detail. AIl along the design phase, differl'Ilt alternativl's 

have been examined and resollrceflll solutions have been adoptc\.i lo nwL'l ~onlL' 

changing requirements. 

4.1 Input Converter 

The convolution processor only works with double precbion floating-point lIat,l. 

However, most data acquisition systems sample ilnd qutlntize sourn' inforrnlltioll 

into an 8- or 16-bit integer format. For this reason, ail input COllvertl'r h.l.., bl'l'n 

designed to convert data fmm integer to double precision florltmg-pOlllt fmlll.lt. In 

addition, a transparent configuration allow~ Jiltil already in floilling-poinl fornMt 

to pass through without format conver~ion. The pipeline architecture l'nllble.., the 

converter to complete a conversion every pipeline cycle (16 dock pu)..,('..,) ..,0 a.., to 

match the processing rate of the systolic convolution œil..,. 

The block diagram of Figure 4.1 illustriltt's the configurati()n whlCh ilchieve'-, 

the format conversion. A controller ilssumes the proper coordiniltion of tlHl'e 

datapath blocks which perform multiplexing, conver..,ion and r.,eriillil:atioll of the 

data passing through. The controller is also re~pon'-,ible for reading the I11pUt FI F<).., 

in the proper sequence and for generating two signab which affect the behavJ()r of 
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Figure 4.1: Input converter (Conversion configuration) 

other subsystems, namely: 

• CN DIMAGE . This signal is sent to the delay memory circuit and indicates 

that the last siunple or pixel has been converted. This signal is active only if 

the input signal LASTPXL is already high and both the input PIFO buffer and 

the pipeline of the converter are empty . 

• HOLD: This signal 1S active when the input FIFO buffer is empty or wh en 

the output FIFO buffer is full. In these cases, the system pipeline will be 

tempnrarily halted until the DMA controller services the FIFO buffers. In this 

way, no garbage will enter the pipeline and no results will be lost because of 

cl full FIFO buffer. 

The operilting mode is set with the input signal MODE. When low, input data 

,lrl' ilssumed to be 8-bit integers. When high, input data should be 16-bit integers. 

ln both modes, mtegers are converted to the floating-paint format and fed ta the 

dt'I,1Y memory circuit in chunks of 8 bits starting with the least significant byte of the 
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floating-point number. The input signal HALT is gener.lted by the dl'I.lY lnl'llWry 

circuit and tells the converter to stop its operation during the lll'\.t pipl'linl' l'V dl'. 

Typically, this will occur only when the de1ay memory circuit inserb /l't'l)-V,lhll'd 

pixels in the data stream. 

4.1.1 FIFO Organization and Multiplexing 

The input buffer, as shown in Figure 4.2, consists of four pa ril 1Ie1 H-bit FI F()" h.1ving 

a storage capacity of 2K bytes each. Its structure allows J2-bil datil lr,ln"fers whkh 

take advantage of the full bandwidth available on the VMEblls. Bllilt .uound ,) 

Motorola processor, the DMA engme complies with the HIS L'1It111111 1 (,ol1Vl'nlion fnr 

ordering bytes within a word. In ilccordilnce with this mollel, FIH)" 0 .md 2.1ft' 

each mapped to an even address and are therefore connL'cled re"pl'clivl'ly lu bil~ 

31:24 and 15:8 of the input data bus. Similarly, FIF()~ l ,111<.1 J ,lIl' lll"p~1l'd lo odd 

addresses and are therefore connected ta bits 23:16 and 7:0. N.llllr,ll1y, tlll''''l' four 

address locations are consecutive, FI FO a having the lowest alh.lfL\"'~ ,md PI FO :~ 

having the highest. 

In mode 1, 16-bit integers are converted. Thu~, at the beginning of each pipelinl' 

cycle a 16-bit integer (a word) is read alternately from FIFO~ 0 ilnd l,mL! FIIO ... 2 

and 3. In Figure 4.2, it can be seen that multiplexer A forward.., bIt... 1 S'R (SELO = 

1) of the output data bus to the input con ver ter while multlpll'xl'r B forw,lrJ., llw R 

least significant bits (SEL 1 = 0). In mode 0, 8-bit integers Me con Vl'rted Unlikl' lhe 

previous mode, the FIFOs have to be reild individually ~ince e.lch h()lll ... an R-bil 

sample value tu l)e converted. Now, multiplexer A roule~ ~l'ro-vahlL'd bit... lo the 

upper hillf input of the converter (SELO = 0). Multiplexer B "'l'IL'eh in t\lrn tht' upper 

and lower 8 bits of the output data bus sa thélt the bits corre ... ponding to the FIFO 

being read can be forwarded ta the lower half input of the converter . 

IJn Big Endlan addrc~~mg, the addrc~~ of il word 1~ the ilJdrc,>~ of thl' mo~t '>Igmfl(,lnt oyt!' 
within that word. 
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figure 4.2: Input FIFO org.lniz,ltÎol1 and rnultiplexing stage 

4.1.2 The Conversion 

The "chern.1tic of the converter block is included in sheet 5/6 of Appendix A for 

referl'nCl'. This block is romposed of a 16-bit parallel load shift register, a 4-bit 

counter and sorne controllogic. A conversion starts on cycle 0 when an integer is 

Ii\tched into the shift register. The bmary point is i\lways positioned to the right 

01 (hl' Illost signific,lllt bit (q15) of the register. This means that at the end of the 

cnnvl'rsinn, the rem.1ining 15 bits will map to bIts 37 to 51 of the man tissa (these are 

llH:' mosl slgnificalll bits of the mantissa). Consequently, bits 0 to 36 of the mantissa 

arc .llway~ set tn zero. Note also that the converter assumes positive values and 

.1Iways Sl'ts the sign bit to O. 

Initially, on dock pulse 0, the 16-bit register is loaded with a new integer. At 

lht:' same time, the 4-bit counter is preset with value 14. From Table 4.1, it can be 

Sl't:'n that this valut:' matches the lower four bits of the excess-1023 exponent (see 
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Section 3.4.1) because the corre~ponding decimi\1 eXpl)l1eIlt \'<1hll' .lt thl~ in~t.lIlt 1" 

15 (recall that the binary pomt it' positlolhxi tl) tl1L' right ll' tl1L' Ilw"t .... lgmlic.lIlt bit 

of the shift register). Then, for each t'ubsequL'nt dock cy'dl', thl' Humber 1 ........ llIltl'd 

left by one and the counter (expnnent) is decrenlt.'nted until ,1 1 appl'.u .... m tlll' mn~t 

significcmt bit (q15) of the reglc..ter. At thl'-> point, tl1L' IHlmbl'r 1" 1/01 "ltl/":t'c/ .1Ild bnth 

the register and the countl'r hold their content untli tllL' l'nd of Lhe pipl'lll\l' l'Vdl' 

The lower four bits of the exponent are given by thl' output of tllL' ClHlntl'r whill' 

bits 4 to 9 are represented by the carry of thl' eounll'r 1\'-, for bit 10, it i" 100llld hy .l 

logic combination of the carry and q 15. 

ln the last two Hnes of Table 4.\, it i5 shawn that, if the regbter nl'l'lb to bl' 

shifted 15 times, then the decimill exponent is neces5arily 0, wlHch nll'.lIl~ th.ll lllL' 

number being converted i5 eitl1l'r 1 or O. If it b D, al c10ek cyeiL' 14, blllh ql4 ,mL! 

q15 are low and the counter is stopped (Its conlent 1<.., 0(00) On cloek CyrIL' l'l, 

the remaining bits of the exponent ,1re <..,et to Lem bec,H 1 1.., l' 11ll' c<1l'ry ,llld li l 'l ,1Tl' 

low. On the other hand, if the Humber is 1, then on dock cyeiL' 14, q\41 .... 1 .1Ild Ihl' 

counter will be decremented one more time. Therefore, on pul<"'l' l 'l tlll' eonll'nl of 

the counter changes to 1111, and ~ince signal PO 1<; ils<;l'rled (PO 1 .... 1Iw.1Y<'" tlcliVl' on 

pulse 15), the carry and the exponent bits 4 to l) are ~et high. 

4.1.3 The Pipelined Output 

The purpose of the pipeline output is ta serialize the converted nllmbl'r in .. lIch tl 

way that it can be forwarded ta the delay memory circllit OVl'r Ihe m'xt pipelinp 

cycle. The circuit (see schematic in sheet 6/6 of ApPl'ndlx 1\) "lIpplil'<'" H blh ,Il ,1 

time every other clock cycle starting with the lowe .. t <..,igniflc,1I11 bytl' on dOlk l'ydl' 

O. At pulse 0, four regislers load the 32 mu .. t .. ignificéllli bit'> of thl' Il(),ltlng-poinl 

number (the lower half bits elre alwély<'" zero and they do not Ill'l'd to bl' léltched). 

Then, signal CESUP8 disable~ the reglsler~ for the nexl 6 clock Plll .. e .. <..,0 th,ll no 

parallel shift occurs during thélt period 50, on dock cycle .. 0, 2, 4 élnd {] , only 
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4. The Design of Auxiliary Subsystems 

-
Oecimll] Excess-1023 notll tion dock 
exponent exponent cycle 

(binllry) number 
10 YH7654 :3 2 1 0 

- r--oÜ 0000 1 1 1 0 0 15 1 
14 1 000000 1 1 0 1 1 
13 1 000000 1 1 00 2 
12 1 000000 1 0 1 1 3 
11 1 000000 1 01 0 4 
10 1 000000 1 001 5 
9 1 000000 1000 6 
8 1 000000 o 1 1 1 7 
7 1 000000 o 1 1 0 8 
6 1 000000 o 1 01 9 
5 1 000000 0100 10 
4 1 000000 001 1 11 
3 1 000000 0010 12 
2 1 000000 0001 13 
1 1 000000 0000 14 
0 0 1 1 111 1 1 1 1 1 15 
0 0 000000 0000 15 

Table 4.]: Possible exponent values 

zeros are pu shed to the delilY memory circuit. On the seventh rise of the dock, the 

registers are .ll1owed tn shift in pélrllllel. Then, on dock eydes 8, 10, 12 and 14, the 

32 highest bits elre routed to the delllY memory circuit 8 bits at a time. 

4.1.4 The Transparent Configuration 

Sometime~ the pixels of an image or the slImples of a signal are already available in 

the double precision tloilting-point format. In this case, no conversion is required, 

however tIlt' 8 bytes which make up a tloating-point value have to be reordered 

bec.1l1se th\:' systolic Cl'IlS process the lower bits of their operands first. Figure 4.2 

shows how different format values are stored in the FIFO buffers. Since a floating

point (FP) Humber is 64-bit long, it oecupies two rows of the FIFOs where bytes 
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7,6,5 and 4 are first stored in FIFOs 0, 1, 2 and 3 respt:'ctivl'ly, .md the rl'm.linin~ 

bytes fill up a second row. As a result, the lower haH pnrtion ot tlll' Illlmbl'r is 

not readily available for reading. Thus, the upper 32 bits m\1:--t bl' n'lld l'lIt IIr:--t 

and ternporarily stored into reglsters. A simple circuit prl'sl'ntl'd ln Appendix A 

(config 64 -> 64) has been designed to reorder and serialiLe tlw d.lt.l l1l'll)rl' :--l'Illiin~ 

the data to the delay memory circuit. 

The behavlOr of this circuit is best shown with the timing di.1gram ni FigUfl'.} 4 

showing two cycles. On the first pipeline cycle, the numbt.'r b rl'ad 1 rom tlw FI FU 

buffers in four chunks of 16 bits and then stored in par,lHel :--hitt rl'gbLL'rs whl'rl' 

the bytes are reorganized. On the next pipeline cycle, the byll'''' .1fl' shifll'd Ollt 

(serialized) from the registers and sent to the delay memory ClrC\1it l'wry otl1l'r 

dock cycle. 

For example, let us assume that the M-bit hl'XiHleCl11lcli I1lllllbl'r 

FEDC BA98 7654 32W is stored in the FlFOs as ~howll in Figurl' 4.:1. FÎI'''':, word 

BA98 is read out of FIFOs 2 and 3 and latched into a tf1-bit regi-..tl'f on dock cyelL' 

O. The remaining bytes or the number will be latched on cydes 4, H ,lIld 12. Once 

latched, the bytes circulate through a set of 8-bit regbter~ (..,el' <.,chelll,lLIc'" III Ap

pendix A) until the end of the first pipeline cycle. Next, ,1 mulliplexl'r ..,L'll'ch l1odl' 

LEAST from which the lower haH byte,> will b(;\ '>hifted out dming dock l'yell'''' 14, 

0, 2 and 4. The upper haH follows when node MOST j<., <"l'!t:'Cled dllring cycle.., 6, 

8, 10 and 12. In this way, the bytes of the tloating-point Illlmber ,lPPl'cU ,11 nodl' 

FPOUT alternately, starting with byte 10 hex and ending with byte /'1: l1l'x. 

4.2 Delay Memory Circuit 

Conceptually, the convolution operation can be vic:;ualized il, il window whkh 

moves over a signal or an image in a regulilr scan pattern. At eilch ,tt'p, new 

pixels enter the window, others leave it and computations are performed on the 
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Figure 4.3: Number FEDC BAqS 7654 3210 as stored in FIFO buffers 

overlapped pixels. In the systolic design, the array is analogous to the sliding 

window. The delay memo:'y circuit (DMC) provides "virtual mobility" to the 

systolic <lrr<ly by shifting data through it. The following section describes the 

design of this <1uxiliary circuit. 

4.2.1 The Specifications 

The primary task of the DMC consists in fpeding the proper sequence of data to the 

systolic arrily so as to keep the processors as busy as possible. However, additional 

features provide ,Hl extension of its scope: 

• 1-0 or 2-D operation. The DMC handles both unidimensional signaIs and 

images. A control hne specifies the mode of operation . 

• Hlgh data tllll/sfer rate. In order to facilitate system integration, the DMC 

design matches the architecture of the systolic array. Therefore, a 64-bit pixel 

39 



• 

• 

• 

!.EAST XX j98 

MOST xx 

FPOUT XX -----,-------------

SELl l'---~-------'I 

CEHI 
----' 

CEUNP JLSt-n 
CEHIfI 

Pipeline cyc~ 1 (Read + Reorder) 

RDFlFOOJ 
RDAF01J 

RDFlFOtBL 
RDRF03 J BAI8 

LJ 
FEDC 

LJ 
7654 

3210 

'----'--__ --Jr--- ------- -1 __ 

sL_~ _______ J-l ____ _ 

fLJlJ-lJ--l_' -1 _ 

_ : _______ J -LJ --1 _ J ---1 J -L 

Pipeline cycle 2 (Serialize) 

L~-----L_ J--
00 mx 

----L __ f ----- - --- - 1 __ 
xm mx 

Figure 4.4: Timing dia gram of input convertE:'r (Tr.lI1sp.m'nt cOllfigur.llion) 

is serially transferred to the array in one pipeline cycle (16 dock pube,,). Thl' 

DMC keeps up with the demand for new inpub, and thus during ei1ch cycle, 

9 pixels are sent to the array in para Ile\. 

• Low VMEbus utillzation. Although this stalemenl ~eem" ...,omewh,ll conlrildlc

tory to the previous one, it i5 possible to conciliilte the two by implementmg 

an efficient buffering strategy. The data re-lI"e Cil pilbil it Y Wl"llly OeCrl',l...,e..., 

traHie on the VMEbus beCéluse a pixel 15 read only once from ho"t ml'ITlory 

even if it is used 9 times . 
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• Va ria hIe IImlxe/:'lgnal "ize. The convolutIon processor should not be restricted 

to 0pl'r,llL' on il fiXl'd image size. Thus, a broêld range of imilge/signal sizes 

IllrlY be hrlndled by the DMC. 

• Hunier /'{{l'( h. Thl' DMC Implements il simple striltegy to tilckle the border 

('ffl'ct probll'rn inherent tü the convolution of finite signaIs. 

• IIp-. ..,(IItIIJlltlS. Dl'pending nn the mode of operation, the DMC may alter the 

orlginill <,eL]uence of data tn in~ert 0, 1 or 3 zero-valued pixels between the 

<'i1mple<, tü pL>rform l, 2 or 4 times up-sampling, respectively. The resultant 

<'Ignrll Crlll hl' interpolated with an appropria te set of coefficients in the systolic 

4.2.2 Functional Description 

Bnth ~ignab ,md lIn,lge~ require pre-processing in the DMC before being sent lo the 

<,y<,tolic rlmly The fif';;t alteriltion consists in adding a frame of 4 zero sampI es at 

tlll' Lwgmning and ,ll tlll' end of a signaI. Likewise, images are extended along their 

bordl'r~ with ,1 fr,lIllt' of 4 zero-valued pixels. This is a SImple yet efficient method 

to OVl'rCOllle the border effect problem since no extra computations are involved. 

Morl'over, the 7ero-v,1Iued frame ('liminates image shifting because it ènables the 

convolution window to be cL'l'lt2red on every sample of the original image or 

sîgn,'l înduding those along the borders. The second alteration occurs only when 

opl'r,lting 111 \Ip-r..,"lllphng mode. In this case, the DMC doubles or quadruples the 

<',lInpling r,lll' 01 the sIgnai by inserting 1 or.1 zero-villued samples for each sam pIe 

rl'Ml tWIllIlll'lllory. ror l'xample, FIgure 45 shows an original signal and ils altered 

Vl'r~illn Figure 4.6 ilIl1strr1te~ an image which has been enlarged with a frame of 

,"l'ro-v,lhll'd pixl'ls and up-sampled (2x) so as tu double both its original width and 

hl'ight. Indl'ed, \vith these alterations the image width grows from II' to (2/1' + 8) 

pi\l'Is. 
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Th!;' crilical tilsk of lhe DMC 15 lo crea te the data streams which will feed the 

c.,y ... tolic ilrr,ly. When operiltll1g in 1-0 mode, the mcoming data stream is sent 

dlrectly tn row 1 of the array. The 8 consecutiv~ rows take their inputs from 

the nghtnw ... t ccII of the respective preceding row. On the other hand, the 2-D 

0pl'r,ll)(lll requin'c., the creation of a stream for each row of the array. In this case, 

propl'T c.,ynchromziltion b required between the streams. The task is therefore more 

ardlloll" than thl' l'ilrlier CilS\:'. 

Con"idl'r éln illlilge of size 1/'. In section 3.2.2, it was shown that a pixel p 

enll'ring row 1 incurs a delay in traversing the multiple pipeline stages of the 

.... y .... lohc proce .... ~or~. Henc€', pixel Il + Il' which is directly beneath pixel 1) cannot 

L'nler the ,lrray .,imllltillleollsly. Before It can enter row 2 of the array, this pixel has 

to walt until Il hilS reélched the end of row 1. At this point, the partial sum of row 

1 b ilvilil.lble ilnd Il + 1(' is allowed to enter row 2 simultaneously with this partial 

sumo In (lther word", for il given delay d, if JI enters the array at time / (in pipeline 

cycle~), then l' 1- 1/' WIll enter it at 1 + d. As for pixel jl + (/1 - 1) -r /{', it will only 

L'nter ww Il aftL'r (1/ - 1 ) • d pipeline cycles, As the convolution operation proceeds, 

e<1ch of the y row" of the <lrrily is fl'd with a new pixel every pipeline cycle untiI the 

l,lst convolved pixel is collected at the output. Consequently, the 9 rows may be 

con.,idered as the entry point for 9 similar streams of data but delayed from each 

othl'r by il constill1t factor. From this, one can infer that a pixel will be sent 9 times 

to the array; once for each row, starting with row 9 and ending with row 1. 

The dl'l.ly is .... uL' as presented above is viewed from a "time" perspective. For 

practkaJ matters, cl "pixel" per~pective seems more appropriate to the develop

ment of an efficient OMC. The "pixel" perspective aims at finding which }Ji x

l'Is enter the arrily simultilneously. In section 3.2.2 it was found that at time i, 

pixel Il + (1/ - 1)( Il' - d) enters row Il of the arrély, where dis the row delay factor 

and Il' b the width of the image. From this expression it can be seen that the 

distanù' between the pixels to be fed to consecutive rows is constanl for a given 

imrl~l' width .md it is t'quaI to Il' - d. 
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4.2.3 Alternate Approaches 

A software implementation is not only the simplest str.1tegy, but also proVl\S ln hl' 

the most versatile because il can accommodate diffl.'rent kl'TIll'! and l111clge ~ill\S. 

Pre-processing may be performed on the image in n1l'mory prior tn ih tr.m~fl'r tn 

the convolution processor. Initially, ni ne equidlstilnt pointer.;; .1fl' cl~signl'd withm 

the image and each of them is associated with il row of thl' arr.ly. At e.Kh cycle, tlll' 

pointers are incremented and a new set of pixels are "l'nt to thl' .lITclY. Untorttm.ltl'ly, 

this method requires each pixel to be read y times from memory. Â':>.l n.'~II1t, cl 

large percentage of the VMEbus bandwidth is devoted tn the cnnvohltinn ho.lI'd to 

the point where other devices may be locked out of the bus fnr l'xtended perÎCH.b of 

time. ln addition, the host computer has to translate image data into tlo.lting- point 

format before it gets transferred, otherwise an mput conVl'rtl'r would hl' Ilel'dl'd 

for each stream. Consequently the software impleml.'lltclllon wa.., rl'jl'cll'd ~incl' il b 

not congruent with the ideil of an efficient and iH1tonnmOll~ convollliion pr()Cl'S~()r . 

Hardware solutions for the efficient storage and acce~s of paralld d.lt.l ~tfl'clfll~ 

have been developed fOl a wide range of applications. An exampll' of thb l'.111 hl' 

found in [Godon et al., 19901. In this paper, the authors describe an archltl'cLurt' 

for ';he de-interleaving of radar pulse data into separate scqllelln'.,. EclCh '-,('qUl'IlCl' 

originates from a single radar device and its content i" fOuted Lo il p.uLlclIl.u drCllI.u 

RAM buffer managed by a global memory controller. The fl'tltl1re., l'xhibitl'd in tl'll' 

paper have influenC'Pd the design of the DMC which pre~l'l1b a problefll of "imililr 

nature. 

Although limited in regard to image sizc, hardware éllternalivc., conlribute ln "11 

efficient use of the VMEbus by reading eélch pIxel only once (rom memory. Ilow

ever, this bandwidth reduction is élchievl'd at the expen"l' of hilrd Wilfl' ('ompll'xity 

on the bOélrd. This is clear sinee the ra.,ter scanned imilge now rl'achl''-, thl' DMC 

as one data stream. Hence, the DMC ha~ to re-orgimi,1.l' il inlo y delayed "lre,lm" 

before feeding the systolic array. Several method" exbt tn rl'arrange iln il1commg 
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JilLil stream. Three of them were investigated for the design of the DMC. 

The fir"t method, iIIustrated in Figure 4.7, uses 8 shift registers through which 

Jatil circulate Their output connects ta a row of the array and to the input of 

LIll' l1ext buffer. However, no buffer 1S necessary for row 9 which gets its input 

directl y from the Jncoming data stream. In accordance with the "time" and "pixel" 

pt'r"pcctive<., that were developed ilbove, a pIxel will be first sent to row 9 of the 

array. But, aL the ~ame time, It 1S copied to the buffer of row 8 where it is stored 

temporarily for future re-uc,e. Inside the buffer, a pixel is shifted 1/1- ri times at which 

point it reilches the output. ln thb way, each pixel of the image will eventually 

circulate through the8 buffers ilnd besen t 9 times to the array. This method req,lÎres 

cl very ~impIL' control buffer stra tegy for shifling dilta. Unfortunately, large shift 

regbLerc; ~uch il~ the ones required for this lIppliciltion are not widely used and 

thus il re expellsi ve. 

A second method, which became the fist design version of the DMC 

lOrolet c/ al., 19911, lIttempted to go around the above problem by using 8 cus

tom FI FO bufft:'rs. ln this method, each buffer has a storage capacity t'qui valent to 

the image width and 15 implemented with a RAM addressed in a circular queue 

filshion. Two pointer:" a read and a write pointer, are used to control the 8 buffers 

which ~hilre tl common address bus. The distance between the pointers is fixed, 

with tllL' write pointer lagging the read pointer by an amount equal to the row 

delay f,1ctor. Action takes place in two clock cycles. On the first clock cycles, the 

1 ead pom ter is il pplied on the ad d ress bus, then a set of 8 pixels are fetched from the 

I~AM~ ilnd sent to rows 1 to 8 along wHh the incoming pixel on row 9. On the next 

cyd.:', Lhe write pointer drives the bus and pixels are shifted up into the next buffer. 

Both pointers are th en incremented before the next cycle executes. Conceptually, 

this sC'heme works weIl. The major drawback is that il different address drives the 

tne11lones every clock. cycle. When working at high c10ck rates, it presupposes very 

fast ac('t:.'Ss memories. 
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The Ifltest design version of the DMC takes the bestof the two previous methods. 

Similmly to the two-pointer approach, it makes use of 8 RAM circular buffers but, 

in 1ight of thl' ,>hift regl,>ter il pproélch, their length is limited to Il' - ri pixels. Thb 

method behilVl''> l'xélctly Iike the shift register method except that the data shift 

j,> emulatl'd with ,1 <"'mgle pomter common to ail the buffers. The pointer is used 

tu ilCCl''>'> memuTlc<, for two consecutIVe transactions. On the flrst dock cyeJe, 

rl recld operation is performed. On the next cycle, a write operation (using the 

~ame address) ,>hifts up the pixels fed to row /1 into the buffer associated with 

row /1 1. Although this procedure suffers From the same drawback as the twa

pointer technique, it natural1y leads to a smal1er, more efficient DMC. An in-depth 

,uchitecture description follows. 

4.2.4 The Architecture 

The DMC architecture is divided into two blacks as shown in Figure 4.8. The 

incoming data stream circulates through circular RAM buffers in the datapath 

block. A controller block, based on three interlocked state machines and a pointer, 

guides the tlow of data in the datapath block. The operation of the DMC is set with 

the following input lines: 

• DIM: When DI M = 0, the DMC assumes a 2-D signal (image). When DIM = 

l, a 1-D signal is expected . 

• W/DTH: Specifies the width of the image when operating in 2-D mode. Five 

Hnl's yield tl pos"ibility of 32 different image sizes ranging from 32 to 1024 

pixels. The following formula describes the relation between the image width 

and the WIDTH Iines: 

Ima.qt w/(lth = (IV 1 DTH * 32) +32 ( 4.1) 
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Figure 4.8: Architecture of DMC 

Although the maximum width of the image is restricted to 1024 pixeb, Lhl're 

is no limitations either for an image height or for the width of rl I-D ~ign,ll. 

• UP-5AMPLlNG: These two tines set the up-sampling mode according lo the 

following table: 

51 S() Up-sallll"in, 

lIlode 
----

0 0 lx 

0 1 2x 

1 0 lx 

1 1 4x 
--

The following signaIs provide dynamic communication with other units of the 

convolution processor: 

• HOLD: When asserted, the DMC is temporarily stopped. 

4H 

, 
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Figure 4.9: Dat.lpath architecture of DMC 

• HALT: Whenever a zero-valued pixel is to be inserted in the data stream, this 

signal disables the input converter during the next pipeline cycle . 

• EN D/MACE : Indicates that the last sample will be sent to the DMC over the 

next pipeline cyde. 

Da~~path Block 

Figure 4,9 illustra tes a regular datapath architecture which can be extended 

indt·tinitely tn ,lecommodate larger systolic arrays. Except for row 9 which imple

ments two Illllltiplexers, aIl rows are similar with one output multiplexer, an octal 

tlieh and ail ~K RA M buffer, The size of the mernory is the primary Iimiting factor 

tor image width. In this case, an 8K memory buffer can delay 64-bit floating-point 

pixels by as mlleh as 1024 pipeline cycles before their re-use in the next row. 
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Similarly ta the other subsystems on the board, the OMC transkrs tln,lting-point 

data in one pipeline cycle. Pixels enter the DMC on l'\'l'n dock cycll'''' \11 l'hUll"'" ot 

8 bits starting with the least signific.lllt bytL> lJ1 l'Vell' () ,1Ild ending with tlll' 111llSt 

significant byte in cycle 14. However, at thl' outpllt~, ph.l'I-- ,Ire ..,l'Ilt to the ,ur,lV 

in chunks of 4 bits. The 16 clock pulses of .1 pipelilll\ cycle ,Hl' tl1l'rdlll'l' nL'L'dl'Li tll 

supply a complete 64-bit pixel. 

Multiple controllines guide the behavior of the datilpilth block. 

• MEM_ CT/\L : four lines, U jTr, () f',', (' /0,'2 and ('PT, control the dat.l tr.msfers 

to and from the memory buffers. For 1-0 oper.üion, ('}' 1 b set 10 () ~o ,1 ... to 

put memory buffers into power-dowl1 mode. 

• ZERO_ /N_ B : contrais the input multiplexer. When .bserted (.lclive IllW), 

zeTo-valued pixels enter the DMC. 

• ZEr~O_ OUL B : controls the output multiplexers. Whl'n cl%l'rtl'd (,lctivl' 

low), zero-valued pixels leave the DMC. 

• SEL: selects one of the two inputs of the output mulliplexL'f .... (ln ('Vl'Il clock 

cycles, the four least significant bits are selected. On ndd cyclL"" the fom mo~t 

significant bits ilre selected. 

• CE : enables the octal léltches sa that they latch on l'WH dock cydp .... 

• OE : enables the tri-state buffers on odd dock cycle., ... 0 thilt thl' previolJ ... ly 

latched values can be transferred to memory buffer~ of the nexl row. 

Controller Block 

The controller consists of two major blocks as depictcd in Figure 4.10. !\ third 

black, the pipeline cycle caunter, simply generates the Hi-pulse ..,eYlIl'IlCe (pO,pl ,p2 

etc.) which is used for synchronization at each pipeline cycle. The pOllller block ie, 
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Figure 4.10: Controller ,Hchitecture of DMC 

a 13-bit counter which generates the addresses to access the memory. The counter 

is programmable "modulo-n" where'/l is equivalent to the length of the memory 

b\lffl'r~ (IP- Il) Finally, three interlocked sta te machines generate the control signaIs 

for the datapath clnd the address pointer. 

Due to the memory buffers, a restricted number of image wid ths can be aeeom

modated. It seems that this limitation is even more severe when operating in 2x 

or 4x up-sampling modes beeause, in these cases, the image width is doubled or 

qUcldrupled. However, it would be possible to operate on the same set of image 

width~ as in normal mode (lx) if the storage of the up-sampling zeros could be 

avoided. In faet, there is no need to store the zeros sinee their position in the data 

strl',11'n i5 known in advclnce. In this design, the output multiplexer of each row 

call be controlled through the ZERO_ OUT _ B signal ta force zero-valued pixels to 

bl' sent to the arrcly and thus avoid unneeessary storage in the buffers. Sinee the 

ZERO_ OUT _ B signal con troIs the 9 output multiplexers, it must be ensured that 
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Figure 4.11: Modlfied systolic array for operatIon wlth DMC 

all streams will always output zero-valued pixels synchronol1~ly. Il Cclll bl' .... l'en 

that this will only occur if the distance /II - tI between image pointer .... b ('11/'1/. In 

this design, lU is the exterided image width (the IIp-~ampled image width plll~ the 

bord ers) whose value is alwClys even. Unfortunately, the delrlY factor d which is 

the delClY incurred in trClversing the array is an odd value (27). The vaIlle 1/1 il will 

be even only if the delClY is ClIso even. For this rea~on, a "et of l'ight 4-bil reghll'r<., 

will be inserted at the pClrtial sum output of the top eight row .... of Üll' rlTr,ly .... o ,1'., ln 

ob tain a delay of 28 pipeline cycles. Figure 4.11 iII11 .... trate~ lhi ........ imple modil ic,ltlOn 

for CI 3 x 3 systolic arrCly. 

Three nested state machines manage the sequence of operation .... III thl' DMC. At 

the bottom level, the horzzontal up-sampling (HUS) state machine (..,ee Figure 4.12), 

generates signal ZERO_ OUL B which aets as a strobe for the olltput multiplexer 

by forcing a zero at the outputs when Cletivated. When operatmg in norrnill mode 

(lx), the state machine remains In state Ul since no zero,> neeù tu be in .... l'rted 111 
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EPI IER(} JII/7 )J 

Il''~h Legelld INI'II r (bold 1 
, 11\ 

II/III (III/ /1 
11111/'111 (IIClI,,) 

Figure 4.12: Horizontal up-sclmpling (HUS) stclte machine 

the streams. However in 2x and 4x modes, the state machine changes state every 

pipeline cycle. In state U1, a normal pixel is read from the input converter. In 

.,tilte.., U2, U3 ilnd U4, ZERO_ OUT _ Bis asserted (active 10w) and one or three zeros 

elre int-erted in the data streams. The end of a cycle is marked by the assertion 

of ~ignal EUS (End Up-Samphng) which enables the horizontal state machine to 

change ~t.lte if necessary. 

The IlOri:oll fal sta te machine (see Figure 4.13) is responsible for the insertion 

of the Idt and right borders of each image line by asserting signal SIH (Select-In

Horizont.ll). 2 A new line starts with state Hl. At this point, at least one zero will 

be int-erted in the incoming délta streclm, depending on the mode of operation. In 

1 x modl', 4 zeros will be inserted by going through the sequence Hl, H2, H3 and 

H4. ln 2x mode, only 2 zeros will be inserted in sequence Hl and H2 because the 

HUS state machine éllready inserts a zero for each pixel in the stream. Similarly, in 

4x mod", only one zero is inserted because 3 others will be automatically inserted 

.lt the output by the HUS stale machine. Once the left border is completed, the 

statl' Ch.1ngl'~ to H5 where input pixels enter the DMC. For each pixel inserted, the 

horizontal l'ouiller (sel' Figure 4.10) is incremented until it reaches the end of the 

image lim'. !\ t thi" point, the right border is read y for insertion and before entering 

st.lte Hl, cl tlag is toggled. This flag indicates which border Oeft or right) is being 

:'Slgndl ZERO_ IN_ B I~ the re~lIlt ot an AND operation betwccn SIH and SIV 
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Figure 4.13: Horizontal stdte milchine 
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Figure 4.14. Vertical state m,lChine 
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4. The Design of Auxlliary Subsystems 

in...,erted. At the end of the line, signal ENDLINE is activated and a new cycle may 

begin. SIgnai EN DUNE ill ... o enilbles the vertical state machine to change statl' if 

nece ... ...,iuy. 

TIll' 1wrl/( III ...,til te milchine hee Figure 4.14) bat the top of the nested structure 

,lnd l',m only chilnge ...,tille If bath ç,ignals EUS and ENDLINE are set to one. lt 

control..., the m'>L'rlHln ()f the top and bottom bord ers as weIl as the IIlsertion of up

""'lInpling row ... III the IIlcoming diltil ..,treilm. It ~hould be noted that these ali-zero 

IlIll''''' ,Hl.' .1Ctll,llly IIl]l'ctl'd ,ll the input multiplexer and therefore Clrculate through 

the bllffer..., At the bl'ginning, ~tates Vl, V2, V3 and V4 are traversed and 4 nulllines 

,Hl' injL'cll'd il1to the DMC to creatl' the top border. vVhen VS is entered, signal SIV 

(SL'll'ct-ln-Vl'rtic,ll) f~ .lctlvated and normal imclge hnes may be sent to the DMC. 

1 n 1 x nwdl', ... tate V!1 remilins ,lCtlViltl'd untll the end of the image (extl'rnal signal 

ENDIMACI~) i..., re,ll'hL'd. In 2x or 4x modes, 1 or :3 lines, respectively, have to be 

jn~erlL'd for l',lCh input line. This i'i achieved by cycling through VS and V6 (2x 

mode) or lhrollgh VS, Vô, V7 imd VS (4x mode). When ENDIMAGE is asserted, 

...,t,lie Vb b entl'red ilnd, at thb point, only ali-zero Iines can bE' injected into the 

DMC 

For more dl'tails l'oncerning the DMC, the reader is referred to Appendix Band 

Appendix C wInch include detailed schema tics and PAL files. 

4.3 Output Converter 

Tlw tlo.ltmg-poin t fL'~\llts coming out of the systolic array will be forwarded to the 

I.lst pnKl'~~ing .... t.lge nf the pipeline, namely, the output converter. This converter 

pl'rfllrms thn'l' 0J.:'ll'r.ltion~. First, it collects the data at the output of the array. 

Second, il l'onvL'rts d,lta tn integer format and third, il writes the converted values 

into tlll' output FI FO~. Thereafter, these values may be sent directly to an image 

buftl'r for dbpl"y on cl screen. 

55 



• 

• 

• 

The output converter lTIay also opera te 111 tl tlilll~J'illt'llt modl'. In thl" C.l:--l', Ill' 

conversion tak.es place to allow the storclgl' of full pfl'I.·I~il1n rl'~ulh Indl'L'd, thi.., 1:-

the favored mode nt opera tion \V hen pl'dorming ml11tlplL' F',l"'''l'''' un .lIl Im'lgl' tl' 

avoid round-off errors. 

4.3.1 The Pipelined Input 

No conversion can be performed until cl full floating-point v.lhll' h.b bl'l'n p.~:--"l'd 

to the output convl'rter. Sme(' 16 dock cycle" cHL' llL'l'dL'd 10 "end cl "'inglL> vclhll',.l 

pipeline stage has been designed to store lhe 24 mu"t ... ignifil',lIlt bIt-. 01 tlll' lIo.1ting

point value that are needed for the conVl'r~lOn proCl'"'' 1\.., i1h hlr.ltL'l1 in Figull'·l IS, 

the stage consists of six 4-bil shIft register:-- ,lnd .1 24-blt regi"lL'r wlllch latrlw" tilt' 

floating-point reslIlt at the rising l'dge of thl' lir"l dock. plIl"'l' (PO) of l'<ll'h pi~wlllll' 

cycle. The full content of thb rl'gi~ter is ll1L'1l forw.lTdl'd lo tl1L' l'onVl'r"'HlIl ..,t.lgl' . 

4-blt 4-blt 4-blt 
From reglster 

4-blt 
reglster 

4-bit 
reglster 

4-blt 
reglster 

Ê-j {------J ~egl".~ ~.ql'I~~ Array *0 0 __ 0 Q __ ... 0 a .0 0 

20-23 16-19 12-15 8-11 4-7 0-3 

r--''-----_-'-____ --L. _____ .L-. _____ -'-_______ '--

PO_CE 

24 Most slgnlflcant bits of F P number 

24-bit REGISTER 

! 
TO 

CONVERTER 

Figure 4.15: Pipelined input to output Wl1vprtpr 
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4.3.2 The Conversion 

The con ver.., ion of floilting-point results into integer format is achieved by means 

of il bmilry ..,eilrch in il look-up table. A mopping is perforllled from a large set 

of 224 po..,,,iblP values to il smaller "et of 2K integers. Cleorly, this mapping results 

in ,1 non negliglble 10..,.., of precbion. However, if the range of the floating-point 

rl'..,lIlh 1<, known or If the VilJUCS ilre dlstributed In c1usters, on optimal precision 

e,lIl bl' Jn,llllttlinl'ù by taking ildvtlntilge of the non-Iinear mapping capobility of the 

luok-up t,lble Thb b ilccOInplbhed by partitioning the input dynamic range into 

f1on-uniform intervills whlch are Joaded in ascending order into the look-up table 

prim to il convolution operation. 

.A lB 
Loa d 8-blt reglster Reset Preset 8-blt reglster rd 

1 1 
Inlt -------t-

• • 
8-blt 

carry lookahead adder 

Output 'rom 
8-blt address hardwlre shlfted 

arr .. y f V 

----------- -~- "" 8 

--------1 
plpellned Input 

, , , RAM Integer , 
Result 

! 24-blt reglster ! , look up table , 
To Output , , 256 by 24 bits FIFO - ~ - - - - - - - - - - - - - - - - -- - -, 

24 MSB of FP value 24 MSB of FP Interval 

1 A 
B 

IB<A 24·blt comparator A<B 

Figure 4.16: Output converter architecture 

Figure 4.16 shows Cl block diélgratn of the converter. On the first dock pulse of 

the c~/c1e, the 8-bit regl'\ter Ais reset élnd the 8-bit register B is preset with the value 

255. The con tt'n t of these two registers are added in an 8-bit Célrry lookahead adder. 

Thl' sum i" then divided by two using a hardwired shift. This resulting index is 
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the address to be referenced in the RAM table . 

The firstindex points to the middle of the look.-up table. The 24-bit nO.1ting-point 

interval stored jn this address i5 then compdred with the mll1,bl'r to hl' (oll\'l'rled , 

which has already been stored in the 24-bIt reglstl'r 01 the pipl'lilll'd inpllt \1 tlll' 

interval in the table is larger than the convolved l1\1mber then rl'gbll'r B i ... lo.,dl'd 

with the address of the interval, otherwise rl'gistl'r A is lu,lded with thl' .lddt"l'~~. 

A new iteration begins with the computation of .1 nl'W index. Thl' Opl'r.ltillll b 

repeated until registers A and B hold the same v"llle which tlll\ltlS th,ll tlll' lwst 

interval has been found. The result of the conversion corrl'~plltlLb to tlll' indl'x 

(address) pointing in the look-up table. 

The principle behind the binélry seélrch IS that the élrca of the ~carch b dividl'd 

by two at each Iteration. It can be easily shown that this cllgorithm will "lw"ys 

converge towards a solution within 1/ iterations: 

/1 = [(}(/2(b) (4.2) 

ln the above equation, h is the number of elements in the table whl'fe the ~l',lfeh b 

being performed. In our case, only 8 iterations élre needed "inee tlll' look-llp t,lblt· 

stores 256 intervals. Therefore, a conversion Céln be compll'ted within " pl~1l'linl' 

cycle and allows an iteration to lélst two dock cydes. The H-bit mteger i.., t111'1l [l'"dy 

to be written into one of the output FIFOs. 

4.3.3 The Transparent Configuration 

The transparent mode of operation provide~ an independent pélth which bYP"..,..,l·c.., 

both the pipelined input and the converter. Since the "'y..,to!ic rlfrély plI..,hec.., tlll' 

results 4 bits at a time beginning with the lowec,t c..,lgnificilnt bi!<', the OlJtpllt con

verter has to shuffle the incoming data so él" to mélke them compatible with the 

Motorola Big Endian byte organization. In thi" cac..,e, the re..,\lIt.., GlJ1llot be writtl'Il 
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in the FI Fel<, lIntil the mo"t signiflcant bits are output from the array. Therefore, the 

IOWl".,t bIt<- hilvl' to be temporanly "tored in registers before they can be written into 

the FI F<).., Th Î.., problem IS very similar ta the one al read y explained in section 4.1.4 

..,incl' both thl' input ilnd output FIFO buffers are organized similarly. 

co 

WRFIFOO_B 
WRFIF01 __ B 

OEL 
OEH 
CE2 

t------
1----

To 
FIFOs 

Wrlte Unes 

CE1 -----

__ C_~O 

LCE L-., CE 

/' 
B 

/16 0 Q -- 0 Q 

16-bll 16-blt 

reg reg 

....... CE 
C 

0 Q 

16-blt 
reg 

16 

Figure 4.17: Output COnVE'rter (Tr,lllsparent configuration) 

LCE 

~ E 
0 Qi-

16-blt 

/ , 
16 

reg 

'f. 
Dout(15:0) 
To FIFO. 

Thl.., ..,nnpk circuit is iIlustrated in Figure 4.17. A controller generates control 

... ign.lb ... uch ilS wrile hne~ for the FIFOs clnd latch enable lines for the multiple 

regi~ters in the d.1t<1pilth The operiltÎ()Q of the circuit is best explained with the 

11l'lp of tIlt' tllning di,lgrilm of Figure 4.18. Assume that the next f1oating-point 

"'ilmpll' ln le.wl' the array has il hexildecimal value of FEDC BA98 7654 3210. The 

""lInplL' COllll'~ Ollt in chllnks of 4 bib stirting with 0 and ending with F. These 

4-bit v,lhll'~ ,Hl' IIrs! ..,Ilifted through the four 4-bit input registers where they are 

~l'n.lh/l'd mtr lb-bit v,llues which, in tUTll, will be shifted through the four 16-bit 

rl'glstl'r ... llVl'r tllL' rest of Lhe pipeline cycle. AL the beginning of the next pipeline 

cycle, the"l' 4 rt'glstl'r~ hold the f1oc1ting-point sam pIe. Node C holds value BA98 

,md nndl' E holds valut' 3210. On dock pulse D, BA98 is written to F1FOs 2 and 3 
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Figure 4.18: Timing diilgram of output converter (Tr.msp,lr{lnl ('()llfigur.l
tion) 
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L 

then on pulse 4, FEDC appears at node C ilnd Ciln be written imrm'Jlélll'Iy tll FII-'<) ... 

o and 1. On pulse 8, value 3210 (lt nade E ie.., "toreJ in FIFO ... 2 .ml! '\. j.'ill.llly, on 

pulse 12, value 7654 is shiftf'd to node E i1nJ Ciln bl' ~toreJ III FI H)e.., () ,1Ild J. In Ihie.., 

way, the upper half (32 bits) of the tloélting-point e..,(lmple i.., i1IW.lYe.., writtl'Il bdore 

its lower half as required by the Motorolil bytl' orJer moJeL ()nly ()fH' plpl'Iilll' 

cycle delay is incurred before the complete tloilting-poinl e..,élmpll' je.., e..,lorL·d in Ill!' 

FIFO buffer . 

hO 
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Chapter 5 Implementation and Results 

Thi., chilpter describes the implementation issues of the auxiliary subsystems pre

,>enteJ in thl' previous chapter. The first three sections are devoted to the description 

of the CAE tool., thiü were useJ during the design process, namely the VHDL de

.,ign t'Ilvironmt'nt, the Mentor Graphies rDEA environment and the Xilinx FPGA 

developml'nt "y<,tem. Followmg this, two sections focus on the implementation 

of the individual "lIb~ystems ilnJ provide sorne simulation results. Lastly, system 

considl'r(ltion~ ilre explored with particular attention being pa id to the board-Ievel 

testmg 

ln Ihis projecl, il structured approach to design was preferred. In the early 

phases, behavioréll simuléltions using both the C programming language and the 

Very High Speed Integrated Circuit Hardware Description Language (VHDL) have 

bel'n performed. Thes\:' high-leveJ simulations helped discover potential architec

tur,ll conflict~ and evaillilte design alternatives. As a matter of fact, the focus was 

set 011 the input/ output specifications and verification of the algorithms rather than 

on registers, adders, combinational logic and their interconnections. 

The subsequent steps consisted in the gate-Ievel design of the different subsys

tems. For this miltter, the Mentor Graphies' CAO tool offers a complete environ

ment which supports both schemiltic capture and simulation. The schema tic was 

lirst drawn and checked for electncal l'rrors. Then, the design information was 

l'xtr.lcted for complete functiollal and timing simulations. 

Application "pecific integrated circuits (ASie) represent a natural choice for 

impll'l1lenting the support circuitry of this convolution system as they help re

ducl' pO\Vt'r consumption and system size while increasing overall performance . 

Among ASie solutions, the Xilinx XC3000 family of field programmable gate arrays 
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(FPGAs) offers an interesting alternative for implementmg the l'01l\'l'rtl'rs and thl' 

controller of the delay memory circuit. The Xilinx devl'lopml'nt sy:-.tl'm tran ... I.lll's 

designs into programmable gate arrays and provides the intl'rt,ll'l' with the Ml'Iltl)f 

Graphies environment for full timing sll1ll1liltion. 

A description of the aforementioned computer-ilided engineering (C AE) tools 

follows. 

5.1 Intermetrics VHDL Design Environment 

The Intermetrics VHDL Design Environment (VOm [Int, 1990J is a soÎlwilre p,lck

age which supports the VHDL languilge ilS defined by the 1 F.EE 1076-19H7 Stan

dard BEE, 19881. Version 3.0 is currently aVililable at McCil1 Ull1ver~ily cllld nlll~ 

under UNIX on SUN 3/60 workstations. The VDE conslsts of fOllr COlllpl'llL'nh: 

the VDE interface, the analyzer, the simulator and the design dat.lb,l"'l'. I·'igllrl' :'.\ 

depicts their relationship. 

The VDE interface as Hs name implies, provide~ the user with ,1 convl'nil'Ilt 

means of accessing the resources of the VOE. More ~pecifictllly, il tlllow~ uc.,er ... 

to interact with the design database, to creilte new design li bmrit·c." to invoh' 

the analyzer or the simulator and to c.,ee the waveformc., of il circuit prl'viouc.,ly 

simulated. The user interface conslsls of window~, icon .. ,mL! pull-down Illl'IlIIc.,. 

The analyzer checks hard ware description~ for :-.ynlactic ilnd c.,l'rn,mtiL' l't'rorc.,. 

It also translates VHOL source text to the inlermelhate VHDL allnbull'd nol,ltHHl 

(IVAN) form and stores it in the working library of the de~ign dalab,lc.,l'. Thec.,e 

descriptions are stored in a structured Iibrary which holdc., lhe rl'lillionc.,hip'" and 

attributes relating to the design units. 

Simulation involves the use of three programs: the Model Cenemlor, lhe Btlild 

and the Sim programs. The Madel Generator reads a unit in IVAN form and 
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Figure 5.1: The Intermetrics VHDL Design Environment (VDE) 

Design 
Database 

translates it to C object code. The Build program then links the object modules 

with the Simulation Core library. A simulation kernel is created and stored in 

the design database, Finally, the Sim program executes this simulation kernel. A 

~irnlliatinn run will crea te a signal directory and a signal trace file which, aga in, 

ilre stored in the diltabase. The simulator is invoked through the VDE interface 

ilnd Cém run either in batch or interactive mode. An interactive simulation is very 

convenient for the debugging of source code. Waveforms may be plotted with the 

wavcform viewer as transition diagrams. A simulation report text file may also be 

genera ted llsing a "report con trol language". 

The VDE tools described ë1bove communicate through the design database. 

Bl'C(lllSt' this is a modular architecture, other tools for synthesis or for automatic 

test generation muid be easily added to the system. 
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5.2 Mentor Graphies IDEA 

Mentor Graphies provides Cl complete spt of élpplication pmgrams tn ,lssbt 111 tlll' 

electronic design automéltion (BOA) proCt:'ss. Thest:' .1pplic.ltion progr.1ll1'" l1.lvl' 

been created to automate schema tic entry, design an(lly~is, le .md PCB l.lyllllt, 

test and manufacturing, packaging and documentation. COmnmn1c.ltloll ot dl'<"gn 

data is shared among the application programs via the Ml'ntnr Cr.lphics COlll

mon Oatabase. Version 7.0 of this packilge has been instcllled on Apollo nN~SOll 

workstations running under Domelin/OS. 

For the purpose of the convolution system, only the schema tic l'nlry and thl' 

design analysis tools were used. Two application programs support SChl'llltltic 

entry: 

• NetED [Men, 1989b], the network editor, crea tes schema tic ~hel'ls of com

panents, nets and ports provided by different Iibrilrie~. A ~et of propl'rtil'''' 

are bound to each network entity and holds informiltion c.:;lIeh ll~ nl'l n.llllL', 

net delay or pin direction. These propertie~ are then lI~ed by down"tretllll 

applications. NetEO supports top-down h.lrdwan:' dl've1opnlL'nt by Il''ing 

hierarchical sheets of functional blocks. This ~lruclurl'd .lppro.1Ch li "II ,1 11 Y 

produces designs that are more reliable imd eé1c.:;ier 1o under<.,l.lnd . 

• SymED, the symbol editor, lets lhe de~igner l'rl'ille or modify curnpolwnt 

symbols which can be placed on the 'ichematic "heeh With ~ymEI), b,l"k 

blocks that represent off-the-shelf or full cu~tom parh l'cln be dr.lwll and 

assigned different properties. 

Once the design entry is completed, the hierarchicfll c.,chemrltiC mll<.,l be ('x

panded to produce a flattened design. The l'xtractor further proce<.,<.,e<., thl' de<.,ign by 

extracting appropria te information and models to be used by the <.,imlliator . 

Design analysis is supported by the Quicksim [Men, 19H9il] loglc <"Imulalor 
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which é'l110W., the designer to verify the functionality of the designs produced with 

NetED ,md SymED Quicksim is an interé'lctive simulator which means that the user 

mily ,>timulate the inputs with different test vectors and observe the consequences. 

Any '>Ignal in the design mély be trélced, listed or monitored. Mentor provides 

r..,irnuliltioll model., which «ln be altered to accommodate similar compo11ents with 

Llifferent timing chéuacteristics. 

5.3 Xilinx FPGAs and the Development System 

5.3.1 Xilinx LCA Architecture 

Field programmilble gate arrays (FPCAs) are high-density ASICs that are pro

grilmmed by the end user rilther than the semiconductor manufacturer. Xilinx 

offers il family of FPGAs with different logic capacities, speed and temperature 

rilnge~. The XC3000 fclmily Ciln implement logic functions that range from 2000 

gate~ (XC:1020) to 9000 gates (XC3090). 

Xilinx'~ proprietary FPCA architecture is called "Logic Cell Array 

(LCA)" [Xii, 1991] and is very similar to standard gate arrays. The LCA is made 

of three types of configurilble elements: a perimeter of 1/0 blocks, a core array 

of logic blocks and resources for interconnection between blocks. Much like a 

progrilmmilble computer peripheral, the functions implemented in an LCA are 

determined by a configuration program downloaded during system initialization. 

Sinn' volatile SRAM cells hold the configuration, it is possible to change the con

tiguration of the LCA during operiltion by loading a new program. This feature, 

tl'gl'ther with the high-density of the FPGA, con tribu tes to minimize the chip count 

on ct board. 

The ilrray of configurable logic blocks (CLBs) provides the elements from which 

the t1ser's logic i5 constructed. Each CLB has two flip-flops, a combinatorial section 
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and a control section. The combinatorial part is made of cl look-up t,lbll' whkh can 

implement one or two independent functions TIlt' propagation dl'1i\v bl'lwl'l'n thl' 

input and the output is independent of the logk fUlll'tion. SillCl' thl' table h.l~ ~2 

en tries, il single function of 5 variables l'an be gel1L'r.lted ,lltlll1ugh 7 ",niables (a, h, 

c, d, e, Qx, Qy) are available. Variables a, b, c, d and e Ill.ly l'onll' 1 Will ,l1lotlll'r block 

but Qx and Qy are driven by an internaI feedback pilth coming (rom tlll' output 01 

the two flip-flops. The two edge-triggered tllp-tlOPS ~harl' an asynchrollln)', Tl'~l'l 

and they obtain their input elther from the output of the combiniltorÎilI lo~ic or 

from the 'data-in' block input. 

Each 1/0 block (lOB) provides the interface between the liser lo~ic and the 

external worJd. An lOB incIudes both direct and registered inpllt p.lth~. Progr,1Il1-

controlled memory cells configure an lOB for output by ~etting ~ignal invl'r~inn, 

tri-state control inversion, direct or registl'rl'd output ,b wt.'lIas control of thl' ~ll'w 

rate (fastor slow). The global input buffer threshold of the IOB~ l'an be pro~l"lmnH.'d 

to be compatible with either TTL or CMOS levels. A pull-up resi .... tor lll,lY ,llso lX' 

selected to prevent unused inputs from floating. 

Programmable interconnection resources provide the interl'onnection of ,my 

blocks (lOBs or CLBs) in the LCA. Three types of rl'sources are av,lililble, nrlp1l'ly, 

the generaI pur pose interconnects, the direct connecti{)n~ rlnd the long linl·~. The 

direct connections can be used to link adjacent blocks unly while long hm· .... ,1re 

intended primarily for signaIs that must travel il long di .... L,ll1l'l· I,ong 11Ill''-, al .... o 

allow multiplexed buses and wide AND gate functlons when l'ombllleù wilh tri

state buffers adjacent ta CLBs. 

5.3.2 XACT Development System 

The development system, XACT [Xii, 19891, is a CAE tonl which eil~e~ the ùe,>ign 

irnplementation process. Two versions are currently available fIt McCill. Ver.,jon 
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Figure 5.2: Xilinx design flow 

5. Implementation and Results 

Design 

Venfleatlon 

3.0 runs on PC-286/386 while version 2.2 runs on Apollo DN3500 computers. A 

complete interface with parts Iibrary enables the designer ta enter LCA designs 

with the Mentor Graphies NetED schematic editor. A timing simulation may be 

performed with Quicksim before and after the implementation process. 

Figure ~.2 depicts the llsual design implementation flow. The design method

olngy involves three main steps: 

Design ENTRY: Le A designs may be entered by any combination of schematic 

capture and boolean equations. Many popular schema tic editors such as 

Nt'fED l'an be \Ised. However, the design must be drawn with the symbol 

library provided by Xilinx. The boolean equations should be written into a 

PALASM2-compêltible text file. Each portion of the design is then converted 
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5. hnplt'll1t'nt.ltion .md Rl'~\llb 

ta an int 'rmediate description called the Xilmx netli~t fiIl' (\.N F) TIll' ~l'p.1r.1tl' 

XNF files may be merged into cl single XNF fill' sllb~t.'qlll'ntiv 

Design IMPLEMENTATION: Implementing il dt.'''lgn 111 .m FI'(;t\ l'l1t.lib thn'l' 

operations: technology m.lppmg, ptKl'ml'nt .md WlItl11g .md cnnfigllr.ltion 

generation. From the XNF desIgn file, the XNF2LCA utiiitv m.lp" the Ingk 

into the CLBs and lOBs of the LCA [uchitl'clml' Tlll'Il, lm lHltOllllllÏt.: plllÙ'

ment and routing program (ArR), inlllll'llCl'd by tlll' Il''l'r p1.1cl'll1l'nt CUll

straints, looks for cl suitable block ilrrilngl'ml'nt lhlllg .1n algllrilhm C.ll1l'd 

"simulated annealing" [Huilng ct il!., 19H61 Thl' pwgr.llll tl1l'n W'ltl'" thl'''l' 

constraint nets to interconnect the blocks. The ArR h thl' l'rHie.ll :-.ll'P in tlll' 

FPCA design tlow since plilcement and wUlÎng choice~ h.lVl'.l Illajor l'I lect on 

the performance of the resulting implementclllOn Indl'ed, Xllinx proviLle".lll 

interactive editor which can be used to "ltllprove" .111 IIn<"cllbf.lctury l"lllltl'd 

design. The last operiltion consists in creating the bin,HY configllr.ltion pro

gram to be downloé1ded into the FrGA. ThiS b anillng{)ll~ lo r1 Il1ll'roprocl'<.,"or 

assembler. 

Design VERIFICATION: Design verification can OCClU at lwo poinb in LIll' de"ign 

process. After a design is entered, a functional ~imlllr1lion l'.111 be f\l1l to wnf y 

the operation of the logic. Following impleml'nt.1lion, cl/wlher vl'ril ir.llion 

may include full timing simulation é1nd in-circuit tt'~tillg. 

5.4 Input Converter Implementation 

5.4.1 Schematic Entry 

The design of the input converter, as pre~ented in chapter 4, poinh olll lhrl'e 

differentmodes of operation whlch can be divlded into two ..,epclr;ül' conflgllr,lllol1<" . 

The first configuration is used to con vert either 8- or 1 n-bit fixed-p0Jnt nllmber.., 
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5. ImplementatIOn and Results 

while the <,econd <'irnply performs bytes reversaI on incommg 64-bIt floatmg-point 

number<,. In both conflguratlOn,>, the interface wlth the external world remains 

l''>'>(!llllally the "',lnw <.k'<,piLe the internaI structlHa] dlfferences. ThIs feature makes 

po<,<,ible the developmel1t of two "soft" configuratIOns that can be downloaded into 

.1 I~AM-ba~ed programmable g,lle élrray such as Xilmx. At any time, the FPCA will 

IHlkll'i thl'r conflgurilLion depending on the mode of operation. Therefore, by using 

tllL' reprogrrlmmabJliLy fl'.lture of the chip, an appreciclble circuit size reduction can 

bl' ilcJlIeved ln the future, It will al<,o be possible to upgrade the functions of 

tllL' input converter without changing the printeJ circUIt board as long as the new 

fe,llurcs fit mlo the <,ame chip 

Schema tics of both configurations have been drawn in a top-down fashion 

a<, shown in Appendix A. The top-Ievel sheet of each circuit con tains the input 

élnd olltput porb which connect the chip tü the external world. In addition, two 

funcllon,ll blockr.;, a controller and il data path, lead to the ]ower levels of the 

hierarchy. A functiol1al block mal' either pomt to a sheet with graphlc components 

or lo il lL'xt file whlCh holds boolean equations. In this case, the former is used to 

de~cnbe the slructure of the design \Ising parts from the Xilinx standard library. 

TIll' I.lttl'r option ytelds t1 Jr.ore eompilct logic description which is sometimes 

doc.,er lo the W,lY h,lrdware designers think. Most of the signais generated in the 

controller h,lVl' bl'l'n l'xpressed in PALASM, il PAL description language developed 

by Monolilhic Memories Ine. 

Some portions of lhe schema tics contain frames. Frames are tools provided 

by NL'tED lo clvOld drawing multiple occurrences of êl repetitive portion of the 

circuit. An eX'lmplL' of lhis can be found in the third sheet (3/3) of the transparent 

conligur,ltion (Contig h4 -> 64m Appendix A) where a unique multiplexer is drawr • 

• llthllllgh Il b mst,lllll,1ted 8 time~. An indexed variable is appended ta the signaIs 

insidl' thl' framl' to keep tracK of the proper connections. 
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5.4.2 Behavioral and Functional Simulations 

The scheméltics of both configurations h,lve been simlll.1tl'd ,lt tl1l' g.ltl' 1L'\'l'l with 

Quicksim. Thp functlOnéll simu1<üion b a unit-dd.l)' ..,inml.lllon wh(''''l' unly go.ll 

is to debug logie belore the implementation into tllL' FPCA A "l't 01 ..,tinlllh h.H'l' 

been applied to the dlfferent nodes in the circuits ~o a" tu verity tl1l' lwh.\VIllr III the 

lower levels of the hierarchy. 

When the verification of the individual blocks W,l!'- completl'd, ,111utllL'r ..,l'l 1)1 

stimuli was élpplied ta the primary inputs of the converlL'r. Dilfl'rl'nt IIllL'gl'r 1111111-

bers, especiéllly those at the bOllnd,Hie~ were tlll'll converlL'd ,md the n''''lllh Wl'l't' 

compared with those of cl software routine written III tllL' C I.mgu,lgl', wlllCh l"

ecutes conversions using the same ,llgorithm. The validlty 01 tllL' ,llgol'llhm W,l'" 

éllso checked for full compliance with the IEEE stal1lLlrd iJy 1l11',l11'" 01 llll' IIlll'rn,ll 

integer to floating-point conversion routine" provilh.'d by ,111 IHHE-7!14-Clllllp.ltlbll' 

C compiler . 

5.4.3 Logic Partitioning 

C 1ce the designs proved ta be functianal, the schem,llic" werl' nalll'Ill'd (j li. IIll' 

hierarchy was removed) and eilch configuriltion wa.., partILÎolll'd. I\Utitllllllllg ron

sists in mapping the logie to LCA elements "uch a.., thl' 1 J() block.., ,md LOllllgm,lbll' 

logic block'.; (CLBs). This u~ually re.;;ults in a dr,\..,tlC tr,lI1..,form,ll1on of IIH' I()glc. In 

particular, the booleall eql1aLÎon~ are opLimizl'd for ,lJl dflril'nt Hllph-llH'nt,llIlJl) III 

the CLBs and the unused Jogie b removl'd. Thl' fin,,1 ùe..,lgn hlt ' 1'" l',llll'd ,111 I.l'A 

file. 

Table 5.1 summarizes the partitioning re~lIlh for l'rICh configllf,ltioll dlHJ gi Vl' the 

percent chip utilization of two FPCA.., of the Xilinx XC1000 f.nntly. A.., rnl'nLiollpJ 

earlier, the number of IOB~ used is illmo,>t the Sflml'; the differencl' 1<, d'H' lo the nIJn-
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5. Implementation and Results 

A re~ourccs used Percen t u tiliza tion 
-

CLB XC3030PC84 XC3042PC84 
ms Flip-t1ops Nets CLBs J lOBs CLBs 1 lOBs 

CCl~~Cf 36 65 134 86'!r 49(!r 60(!i 49(!r 
-- ----

3, 8:=; 99 57(!r 47o/r 40(!i 47l,:?, 

IItiliz.ltion of the M()[)l~ input in configuration 2. The largest circuit, configuration 

l, requires Hf, CUh l'ven though the other one uses more flip-flops. As a result, both 

configuriltlons Sel'In to fit weil in either FPGA. Nevertheless, the larger FrCJ· , the 

XC1042PCH4, was ..,elected tn eilse the placement and routing process. This decision 

..,tCllb from expl'riencl:' gained with prevÎJus FPGA experiments and analysis of 

other FPC;\ dc:.ign<.; wlllch have shown that a CLB utilization of 701!rl or Jess usually 

yil'ld~ the be~t implcmenl<1tion results. 

For m.1ny circuits, the designer has to trade offbetween integration and speed. 

;\ circuit which tclkes most of the FPCA configurable blocks will be usually more 

difficult to routt' becéluse of the scarce interconnect resources provided in the LCA 

architecture. Consequently, non-negligible net delays should be expected and the 

~pl'ed pl'rformancl' will decrease accordingly. 

Knowledge of the internaI architecture of the FPGAs helps design a circuit which 

wIlll1L' casier 10 implement. This usually resu;!s in an improved performance both 

in ::.peed and logic density. FPCAs are es:",~, lally suited for synchronous designs 

that mi>. booll'cln functions and registers, h' 11 eeJ, the pipeline architecture of the 

inpllt conVl'rter Iii .. into this category. 
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5.4.4 Placement and Routing 

The designer can exerc\se SOJ11t' control over the .lIItmn.1tk pl.1ù'l111'nt ,md 1'l11l1L' 

(ArR) process by ~pecifying a ~et of constraints l'itlll'r tn the ~dlL'm.llic nr in .\ Sl'p

ara te file. For mstance, constrain ts 111c1y prl'detl~rl11ml' tlll' pl.lCl'll1l'nt pl 1/(, ) bllld. ....... 

prohibit usage of certa111 pins or asslgn \\lelghh tll l'rHic.l/ Iwh tOI' \V/lId! dl'J.1V~ 

should be minimized. In regard 10 tlll' two input CllllVl'rtl'r l'onligul'.ltion ...... l ... l't ot 

19 pins which ha ve dua 1 functions were prohiblted. The ... e .... pl'd.11 Illlll't ion pm .... Hl' 

used to control the downloading of the configuration progr.llll UPllll dllp initl.ll

ization; they become normal user / /0 pme; afterward .... / Il unkr to .lVoid 1Il ... I'rtlon 

of supplemelltary external circuitry to preVl'nt polL'nll.ll l'onflich .lnd l'ircuil d.lm

age during configuration, the u~age of the~e pm ... " ... I/() pm .... W.I .... tlll'bHldl'11 TIlL' 

designer should al50 aVOld the temptatlOn to predelL'rmilll' I/() hlock P\.lll'llll'nt 

before implementing the logic 10 ease printcd bOrHd dl'~ign. Such pr,lctiù' m.lY 

result in routing congestion near the perimetcr of the devicl'. IlL>ncl' tllL' m'Cl'~""lty 

to rely on the ArR program to find the J110~t ilppropriillL' lOB p1.1Cl'Illl'Ilt b.N'd on 

circuit topaI ogy. Lilstly, crUciéll nets, l'specicllly tho~t' which drivl' ,l I,ugt, Illlmlwr 

of CLBs, were tlagged as /lcritlcal". The APR lhu.1l1y roule .... thl' .... l' l1l't .... IIr ... 1 wl1l'1l 

most of the mterconnect resources arc stIll cWélilélble. ()ther neh th.lt IlllhLlr.lVel ,1 

long distance or must have minimum ~kew were f1aggl'd cl'> "Ionglilll'''. SOIl1l' o( 

these flags may be observed on the schernéltic," included III I\ppl'l1lllx ;\. 

The two designs were rou ted with the A Plo{ Ver .... i< 1Il '10 / t lwk dt)',l' lu r;() 

minutes on a PC/:186 computer to route configuration 1 whlle conflgllr,ltioll 2 

required half an hour. Two reélSOIb explain the APl{ tinll' differellCl' Pir ... t, Lhl' 

transparent configuration, as shown in tilble r;.I, file.., intu le">,, eUh '-)(·COI1(.I, the 

1/0 block placement set up by the APR for configuration 1 W,lc., .11<,0 \Ic.,t!d for 

configuration 2 since they lire both de~tined Lo the ... ;mw phyc..,ical chlp. The A/'I-! 

program WllS executed multIple lime~ IIl1tll <,illi ... filctory rl' .... ulh were obt.lIlled. 

Nevertheless, the final implementatlon of conflgllri1tlOn 2 had to hl' Hnproved 

manually usmg the XACT interi1ctlve de">lgn edltor. 
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5. Implementation and ResuIts 

5.4.5 Timing Analysis 

The finill <.,tcp comil,teù in the verification of dynélmic timing viola tions with Men

tor'.., Quick.,irn. Mentor Crilphic.., also provides an élpplication program called 

"Qllickpilth" which allloméltically analyses criticéll path timings. Unfortunately, 

thi., tool 1<., <.,till not ,wélilelb[e ilt McCi[/' Therefore, il manual static timing analysis 

h,ld to hl' perfofllll'd on <"elecled critic,l] pé\th~. [n particular, the simulations have 

pOlllleJ ollllh,ll tlll' input cnnverter implementation héls not Iived up to the initial 

t'xpectc1l1on..,. ('ardul élnaly..,is héls revealed a maximum operilting frequency of 12 

MIll: for configuration 1; the target frequency was 125 M Hz. As for configuration 

2, il pfl'..,enled no timll1g vio[éltiom élt the target c10ck relIe. It should be noted, 

however, that these ilrl' worst-case figures valid for a wide range of physicéll (tem

per.lIUfl', Illillwfilcluring) conditions. Operation in a typical environment would 

prob,lbl y work f.1ster. Additional test~ on the prototype board shall support this 

<"l,ltemellt. 

Figure D.l of appendix D presents él simulation run iIIustrating a typical 

converswn ib performed by configuration 1. In this diagrélm, the 16-bit in

Leger A tJE3 is converted inlo the 64-bit double precision floating-point number 

40E5 BC60 (JOOO ()()()O. Initiéllly, a conversion cycle begins with the reélding of the 

mtl'gl'r. Two of the read FIFO SIgnaIs I\OFlFO_ B are first driven Iow for Lwo c10ck 

l yck..,. TIll' 6S Il'. ,lCcess time of the input rlFOs (CY7C429-65) combined with the 

3.1 ns ~L't-llp time of DIN make it impossible to reéld within one clock cycle. Thus, 

(1 l'l'ad cycle IS ~tarted at dock pulse D of the previous pipeline cycle S0 as to latch 

tllL' inh'ger al dock pulse 0 of the ~ubsequent pipeline cycle. From this point on, 

tIlt' conver..,inn procl'l'ds and lasts one pipelinE' cycle. The results are élvailable at 

the output (FPC)UT) in chunk" of 8 bits shortly after dock pulse D. The first four 

bytes an' alw.l~'" 00 (Il',lSt ~ignificanl bIts of the n1antissa). The remaining bytes 60, 

Be, ES and 40 ,1ppe,lf on dock pulse~ 5,8, A and C, respectively. 

Il \Vas wmput\:'d that the worst case delay for FrOUT occurs at c10ck cycle 5. 
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In this case, the signal FPOUT appears at the output pin 6011'" 11HL'r tllL' ri ... mg l'dgL' 

of the dock. However, this l~ .Ig delelY caust.'S no prnblL'lll Sl1h'l' thl' t.h'1.w llll'nlllrv 

circuit wi Il only la teh this value on dock Cycll' 7. Th is Il'.1\'l'~ 11111Il'th.l 11 l'll11llgh tillll' 

for the signal ln propagate to tlll' DI\~C Thl~ othl'r bytl'S wIll bL' I.ltChl'd .lt pl1l .... L':-. li, 

Band D respectively (in the DMC, thl'y are rdL'rrl'd .1'" pul ... l, .... ~, A 11Ild C). Il .... llOlllli 

be noted that the DMC has ib own pipl'1int:.' cycle cOlllltl'r whll'h i ... Il'.lding by Ol\l' 

dock pulse the cycle counter of the mpllt conVl'rler ln othL'r wllrd:-., .1 pl pl'li ill' 

cycle in the DMC starts one dock. publ' earltL'r than in tlll' inp"t COnVl'rtL'r. Thb 

tnakes for proper pipeline synchronization. 

A simulation example for configuration 2 b pn''''l'Iltl'd in "'l'ction )).2 of 11P

pen dix D. For evaluatlon purpo:-,ps, the tinling dl(lgfclll1ll1.ly hl' rnnlparl'd tll tllL' 

unit-delay diagram of ligurl' 44 .... illCL' they shafl' tllL' o,llIlll' Inpllt Vl'ctor..,. III thi ... 

case, the 64-bit vaIlle FEDC BAYR 76543210 is to bl' rL'orgillll/l'd .111<.1 :-.ent lo tlll' 

DMC. The number is read in chunks of 16 bits accnrding to the folJowing "'l'qllelll'l': 

BA98 is read out of the Pl PO lirst, then PEne, J21 () and 76S4 fllllow lit IIltl'rvllb 

of 4 dock pulses. Then, it takes one pipeline cycle tn rl'vl'r .... l' tlll' d.lta order. TIll' 

first byte (10) appears at prOUT on dock pulse E. Sllb~l'qlll'nt1y, Lhl' rl'l1l,lining 

bytes will appear every other pulse. The worst ca~L' proP,lg,ltioll dl'I.ly for FI'OUT 

occurs on dock pulses 6 and E when slgne11 SEL! toggll':-'. !\ h:~ n~ del.ly h,l~ bl'l'Il 

computed from the simulation. This leave~ only 17 ns for thl' "ignal tu <.,(,t IIp ,lt 1I11' 

input of the DMC before the next rising edge of the dock. 

Simulation also reveals sorne glilches which Célll be ob..,ervl'u on "ignal SELI. 

However, these have no effect on the prOUT anù thu'>, l.lI1 Lw ",lfel y ignorl'u. TIll' 

traditional method used to elimll1élteglitche<, whlch con<.,t..,h in ,lùding redlJnullIlt 

logic to a boolean equation I~ not applicable in thi.., Glr.,e r.,incl', inlhl' Xilinx "'l'CA.." 

the combinational logic is implemenled wlth look-tlp table..,. The Olllpllh willlJl' 

glitch-free only when .111 input~ change slmultaneou:-.ly . 
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5. Implementation and Results 

5.5 Output Converter Implementation 

The output converter, like the input converter, has two configurations which shall 

be implemented in a Xilinx XC3042PC84-100. Configuration 1 (the converter) was 

implemented in 1990 before the installation of the interface between Mentor and 

the Xilinx development system on the Apollo computers. A schematic has been 

drawn with OrCAD and implemented using the version 2.23 of the APR on a 

PC/286 computer. It should be pointed out that the design has not been simulated 

at the gate-Ievel yet. Nevertheless, the whole design will be transferred to the 

Apollo platform soon for full simulation and improved implementation. At the 

time of this writing, configuration 2 (transparent) is being irnplemented on the 

Apollo platform. Preliminary results are shown in table 5.2. The analysis of the 

Configuration LCA resources used Percent utiliza tion 
CLB XC3042PC84 

CLBs lOBs Flip-flops Nets CLBs 1 lOBs 
Config 1 

(converter) 76 39 69 165 53% 53% 
Config 2 

(transparent) 49 27 88 86 34% 36% 

Tabll! 5.2: Output converter partitioning summary 

APR report file has revealed that a signal needs 155 ns to propagate along the 

critical path of the converter (config 1). This delay breaks up into 5 components: 

Tregtatera : 7ns 

1~dder : 56ns 

Tcomparator : 35ns 

T,et-up : 7ns 

T net : SOns 

Total : 155ns 
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5 Implt'Illt'Ilt.ltlllll .lIld Rl'~lIItS 

Provided that a binary search iteration lasts two c10ck ('ydes (rl'l'a11 sl'('tion .... .1.2) 

and tha t the target c10ck period is 80 ns, on Iy ::; ns (2 '\ RD - 155 : S) .Hl' lL'ft tn rl'.1d 

the look-up table. At best, a very fast but expensive steltic RAM with 1::; n .... ll'Cl'S'" 

time could be used. This wou Id yield a total del.1Y of 170 n5 l1nd a dock ratl' 01 Il.~ 

MHz. 

a can be stated with enough confidence that the perforlllelnù' ot the circuit 

would improve if it were re-routed with the latest version of the APR prllgram. 

Another alternative would be to implement the circuit into the nL'W Xilinx XC4000 

family of FPGAs which offers on-chip RAM and fast carry logic ln thb C.1Sl', the 

on-chip RAM could replace the look-up table and spl'cd-up thl' Opl'l"llÎng reltL' of 

the output converter . 

5.6 Delay Memory Circuit Implementation 

5.6.1 Behavioral Simulations 

A thorough understanding of the data flow in the systolic ilrrily Wt1.., pfl'rL'll'li ... ite tu 

the development of the DMC. For this reason, a short program wa.., writtL'1l tn !->im

ulate the systolic f10w of data in the array. In this progratn, the multipk' ..,tage ... ,lI1J 

registers of il systolic cell are embodied into (/ simple C ~truclllrl' [llor ... pool, 19H(1! 

which can be further instantiated into an '" / ,\1 array tn ..,irnlllrltL' thl' behrlvior of 

the convolver. A simple routllll' generél te~ ,\11 Image WhO"'ll pixl'l<.., ,Hl' ..,ent tu thl' 

l'vI rows of the array. By monitoring the content of ... elected pipl'linc ... tage,>, Jélta 

streams timing and pipeline delélYs werl' l'Valuilted precbely. 

The next step consisted in the development of an algorithm that would provlde 

for the features (up-sarnpling, borders etc ... ) desired in the DMC. In thi.., regarJ, 
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5. Implementation and Results 

a ..,econd C progrflm WflC, written to assess the performance and validity of the 

algorilhm. The progrilm emulate~ the behavior of the DMC according to a set of 

par,lml'tl'rc., c.,\lch il', kL'rnel .,ize, sflmpling mode, image width and row pIpeline 

ell'Iay which are l'ntereel by the user. 

Different simulfltions have c1early shawn that the adopted algorithm is valid 

for ~orne re~tricteel cases only. In péHticular, the pipeline delay of a single row of 

the "'y~tohc arrcly mll..,t be even (oeld) if the total image width (image + bord ers) is 

l'Vl'n (odd). In ,lddltion, the algorithm works properly when the ratio 1\-1..,-1 is an 

l'Vl'Il integer where 1\1 is the size of the arrély and ." is the up-sampling rate. As a 

re.,uIt, this algorithm does not scale weIl; only il restricted set of array sizes can be 

flccOInmod,lled. However, these rather theoreticallimitations should have no real 

consequence on thi.., project since the array size L: fixed at 9 x 9. 

SUb~(:'qlll'n tly, il VHDL description of the DMC was written to evaluate different 

circuit architectures. In this case, the behavior of the DMC is defined at two levels. 

Fin .. t, the IJMC is divided II1tO fi set of processes whose behavior is described using 

sell \Il'tlti ,1 1 VHDL programming. EXélmples of processes inc1ude state machines, 

melllory ilnd muItiplexers. Second, the relationship between those processes is 

dl'filll'd \Ising the concurrent programming possibilities of VHDL. More specifi

calIy, each process description starts with a {JrflCCSS statement [Lipsett et al., 1989] to 

whlch is c1LlclChed ,1 sensitivity list. During simulation, the change of a signal state 

trigger" ,1 wncmrl'nt l'xl'cution of él1l the pro cesses which are sensitive to it. 

The VIl!)L description WélS mostly ltsed as an intermediary step to alleviate the 

gate-leve! design of tlll' DMC. Besides, it enabled the author to focus on potential 

,1fchitectur.11 contlicts without having to worry about the details of a particular 

Impk'lllentation. 
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5.6.2 Schematic Entry 

The schernatics of the delay memory circuit prl'sented in i\.pF'l'nd ho B ... lw'V thalll1L' 

controller block is implemented in a XiIinx XC3030PCH4- \00 progr.11l11ll.1hll' gllll' 

array while the data path conslsts of 12 TI BPi\.L22V \O-I~BC from Tl''\.I ... ln ... tnlllll'nt:-; 

and 8 SRAMs CY7C186 from Cypress Semlcundl1ctnr Corpur.ltllln. Thl''''l' 11Igh

performance RAMs have a maXiml1111llCCl' ...... lime of .Vi ns ,md .ln' org.llll/l'd .1'" HK 

words of 8 bits each. During 1-D oper,1tlOn, the 1l11'1lwry chip~ .Hl' dl' ... dl'dl'd ,lIld 

enter a power-down feature which redl1ce..:; power con~\1mption by 7:Vlt. III lWl'Vl'r, 

during 2-D operation, they are continuously scll'ctl'd ... 0 a~ to minimil.l' n',ld 11Ild 

write cycle times. 

The schema tics of the controller present a hierarchic.ll ... tructllrl' from which 

two major blocks stand out. The hrst block, the pointL'r, con ... bh of Il I:~-bit modulo 

counter which generates the address Iines to acce ... ~ thl' I~AM..,. In thi ... C,l"'l' Il C(llll

parator implements the modulo feélture by resetting the collntl'r .It the Ilpproprilltl' 

time based on the current counter véllue, the IIp-sampling Illode .1Ild the IIn.lgp 

width. The second block points to a PALASM liIe th,ll de..:;cnbl'''' in ,1 compllet 

format the behavior of the three state machines. Such a repre"'l'IlI.tIIOIl lI11pIOVl'''' 

schema tic intelligibility but, contrary 10 cl tradltional g,llL' rl'pfl''''l'Ilt,llioll, fl'","lh in 

a slightly less efficient implementiltion due to the lack 01 control over tlll' p.utltioll

ing pro cess. In faet, during logic ~ynthesls, mu.;;t booblll l'quatloth ,lrl' uplirnil.l'J 

for the LCA architecture and sorne internaI signal ... éHl' burieù mto tlll' CI.B ..... TI)(' 

designer who aims at a bettel partitioning and rollting 1 .... given IittlL' influence OVl'r 

this "technology mapping" by the development .... y.,tem. 

As shown in table 5.3, the configuration flll .... 72(j,. of thl' ('LB., of the XC'OlO 

FPGA. This high resource utilization combineù with thl' weak control OVl'r thl' 

partitioning phase have maèe the circu 1 t very dl fticulL tu rou Le 1 ndl'l'd, Ver..,lon 2.24 

of the APR has never managed to route illl the net', of thi" Clrcllit Thl' fin.,1 

implementation has been completed onl y when Version 3.0 bl'caml' élvaililbll' aL the 
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Table 5.3: DMC controller partitlOning summary 

end of 1991. 

Wilh Lhe e<lrly unsuccessful attempts at implementing the controJJer, it was de

cided Ilot to tise field programmable gate arrays for the data path section of the 

DMC. The data path, although very regular in nature, is also 1/0 intensive and 

Lime critica!. This makes it a good candidate for implementation in programmable 

logic devices (PLDs) which offer lower density but have net delays known in ad

vance. Thle' regular structure permits the 12 PALs necessary for this circuit to be 

programmed wiLh only one standard JEDEC file. The targetdevke, the PAL 22V10, 

wa~ ... elecled for Us wide availability although there exist more suitable PALs with 

rlddilionrll \l~er 1/0 pins which would reduce chip count. A gate-equivalent de

scription ot the PAL circuit is presented in Appendix C. This appendix also includes 

Lhe design flle processed by the Texas Instruments' ProLogic compiler [Tex, 1991] 

to obtain cl J EDEC fuse ITIap. This standard file will be used by a logic programmer 

lo C\btomÎ/e the dcvicc to rl specifie function by "blowing" selected fuses. 

5.6.3 Timing Analysis 

Prep.lring for timing simulation entails modifying the simulation model of the 

generk parts which have been instantiated in the schema tic. ln fact, Mentor 

Craphics hbrclnes \Isually provide a single generil model for a part even if differ

L'nt spl'ed versions of thls part are commercially available. 50, prior to simulation, 

the CY7CIH6 SRAM and PAL 22VIO timing models were changed to match the 
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characteristics specified in the data books. These indu de set-up and hold hmes, 

propagation delays and memory access time. 

According to simulations, the DMC works properly at the target speed 

(12.5 MHz) if 35 ns access time SRAMs are used along with 15 ns propagation 

delay PALs. Memory accesses have proved to be critical because only one dock 

period is allowed for a read or write cycle. When no up-sampling is performed on 

the image, reads and writes occur alternately. In this case, memories are continu

ously selected so as to minimize access time. Even so, the address should never 

be allowed to change when the write enable line is asserted as this could result 

in spurious writes. As it stands now, address changes occur immediately after a 

write operation, leaving only a few nanoseconds for the write enable signal to be 

deactivated. In order to guarantee proper operation in "the real world", one has to 

take into account sorne extra delays not handled by the simulator. These indude 

off-chip delays which are due to capacitivc loading on memory controllines and 

on the address bus. They are usually proportional to wire length and signal fan 

out. Consequently, there is a non negligible probability that, on the prototype, the 

write enable signal will be skewed enough to cause spurious writes during address 

changes. This will have to be verified very carefully on the prototype. 

Different solutions exist to solve this problem. One would consist in delaying 

the address Unes further in the FPGA with additional buffers. However, this 

simple trick is defeated because the Xilinx development software usually removes 

aIl unnecessary logic induding additional buffers. Another solution, whlch impIJes 

extra circuitry on the board, would be to add a delay-type le to delay the address 

Unes at the output of the FPGA. Another option would be to have an alternate 

dock running at a multiple frequencyof the main dock. The extra ri&ing and 

falling edges provided by the dock during memory access would permit better 

synchronization control. 

Further simulations have shown that a read operation always occur during odd 
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pipeline cycle", imd "tart at most 24 ns after the rising edge of the clock when the 

clÙÙrl''''e., bile., h(1'" <'ettled. Then, it tilkes 35 ns before the data appear on the bus. 

At thi", point, Il ne., ilre neeùeù for the Ù,ltil to propagate to the flip-flops ~ f the 

PAL, leilving only H ns of slack before the next clock cycle. On the other hand, a 

wrill' cycle ,1Iwc1 y~ occure., immediiltely ilfter a read operation without changing the 

ildùre~e., linl'e., A wrile b completed wh en the write enable line is deactivated at the 

Ill'xl ri~Jng eùgL' of the dock. However, only 54 ns are necessary, inc1uding 39 ns ta 

enilble lhl' lri-",tilte buffer~ and 15 ns for data ta set-up before disabling the write 

con lml li ne. 

At l'ilch dock cycle, il delay of 35 ns has been noticed before the new 4-bit values 

clppear at the <1 output rows of the DMC. Of these 35 ns, 20 ns are taken for the 

generation of the SEL signal which selects the proper multiplexer inputs in the 

PALs, ilnd 15 ns me needed for the data ta propagate through the multiplexers ta 

tIR' row outputs. Thb leilves 45 ilS before the next c10ck cycle, at which point the 

dilla is liltchcd into the sy~tolic arrily. A simulation run showing memory cycles 

ilnd two row~ of the DMC is included in Section 0.3 of Appendix D for reference. 

Partlclllilr ilttention has been devoted ta the control signaIs generated inside the 

PPGA. Signills such ilS those which set up the operatingmode (OIM, WIOTH, SOand 

SI) have been flagged "non critical'" prior to APR because theyneverchange during 

,) convolution opef(llion. As cl result, delays as high a 29 ns are not lIncommon 

on the~e l1l'tS. Wl1Pnever these parameters change, it is important to wait at least 

l wo complete clock cycles before stilrting a new convolu tion. Anal ysis of the APR 

report file ha!:-- a Iso revealed that it takes at most 37 ns to propagate the HALTsignal 

10 the output pin. This leaves more than enollgh time (45 ns) for the signal to travel 

tü the input converter and set up before the next clock tick. Additional information 

cOlll'l'rning con trol signaIs is presented in Section 0.4 of Appendix D. 
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5.7 System Considerations 

5.7.1 Initialization 

At power-up or upon system reset, the convolution system enter::. .1Il initi.lli/.ltion 

cycle before imy computations may take p1.lCl'. Thb procedure l'on::.) .... !::. 1ll.1inly III 

downloflding configuration files to the FPCAs, IO.1ding tl1l' .... y .... tl)lic .ur.lV \VIth .1 

set of 81 coefficients and transferring él new set of v.1hll'S to tl1l' Il)ok-up l.lhk ot 

the output converter if integer outputs élre desired. ThL'~l' t.hks Ml' h.llldll'd by 

the OMA engine (recall Section 3.5.1) which also sl't:-, IIp lllL' v.uious board .... ignal .... 

(up-sampling, 1-0/2-D signal, image width, 8/1 (l-bit conver::.ion etc.) .1Ccording 

to the specifications entered on the host computer by thl' ''''l'r. 

The choice of a configuration mode for the FPCA::. b 1lltlllL'Ilced by the .wtll.ll 

operating environment. Since the FPCAs are bping u::.ed with.l Mm20 micropron's

sor (OMA engine), it is naturallhat the FPCAs be con<.,idered .1'., peripllL'r.lllkvicl' .... 

accessed by the 68020 through Its diltil bus and ,1 few control lim' .... III tllL' pl'riph

eral mode, an FPCA is mapped tn a smgle byle IO(',ltion 111 tllL' .HJdre"~ .... p.1Cl' of 

the 68020. The 68020 simply downloads the configuration tilt' by writing thl' byte .... 

successively to the same location. 

In case of a board with multiple FPCAs, it i .... possible to eil"e the ('onhgllr.ltloll 

procedure by connecting the devices 111 a daby Chilill .11lÔ then downlo,lo il com

posite configuration program. In respect ln the convolutHHl "y"lcnl, Iwo "'1'( ;Ar.., 

out of three, namely, the input cnllverter ilnd the DMC ilre oahy C'h.1illl'Ll. The le,ld 

device (the input converler) b "et lolhe penpherc1111100e ,1Il0 i" oln~rlly wnlll'nio 

by the 68020. When it has received ItS configuratIOn progri1111, the rL'lll.lllllng bytpr.., 

are passed on to the last device in the chain (DMe) which 1<., ..,l'lto thl' "I"v{' !ll()Lle. 

The last device (output converter) ~tand~ alone and Ciln bl' ulllflgllrl'U Il'-,mg Ihl' 

peripheral mode. This way, it WIll be possible to reconflgure the ()lItpllt ulIlV!!rter 

freely without interfering with the other FPCAs. 1 fowever, il reconflgur,ltioll of 
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the lI1put c(,:werter éllso implie~ a reconfiguration of the OMe, both deviees being 

Lil'O in cl dili<..,y chilin. 

Thl' l(lnflguratiOil program is ilpproximiltely 22 KBytes long for an XC3030 

devin' ,mo 30 Kbytc<.., long for an XC3042. Download ing the configuriltion files into 

the thrl'e FPCA" will require close tü 100 m~. The reader is referred to [Xil, 1991] 

for fmlhef informil tlOIl concerning FPGA programming. 

5.7.2 Pipeline Delays 

The key contribution of pipdinmg 1S that it provides a way to increase throughput 

by ~ti1fI1l1g.l new tél~k bdore ,1 previous one has been completed [Stone, 1987]. This 

i" ilchil'ved by "plitting the processes into steps of equal duration. Then the steps, 

or ..,ldge<.." work in pilfrlllei but on different operands. In this way, a lask can be 

clllllpll'll'd l'Vl'ry cyck pfOVldl'o that illl the stages are filled with data. But when 

.1 pipellnl' 1 .... n'set, cl transicllt of \ cyclec; is incurred before the first valid result 

COIllCt-. out beclllse Jilta h,lve to be pumped éllong the ,\ stélges of the pipeline. 

ln Iike manner, the convolution system completes the convolution of il sample 

or pixel l'very 16 dock tick<." that is one pipeline cycle. However, the first N results 

produced by lhe convolver have to be rejected sin ce the pipeline is filling up. This 

.Y-cyclL' transienl is computed by summing up the delays in the DMC, the systolie 

,uraY,lIld tlll' output cnnverter. Note lhat the input converter does Ilot influence 

thl' tr,lIlSll'llt sinn.' thl' IIr~t s,lmplt's to be sent to the ilrray are zcro-valued pixels 

gl:'llL'r.1ll'd 111 tllL' DMC. The tot,ll dclay in the systolic array is 252 pIpeline cycles (9 

rows ' 2H .:;tages/row) but only 2 cycles in the output converter, 1 if It is operating 

in tr.lI1~p.lrl'nt mndt:'. The total delilY in the DMC depends on multiple parameters 

su ch .1~ im,lgl' WIll th, I-D l)r 2-D operiltion ,md up-sampling mode. In 1-0 operation 

the dL'l.ly 15 llull becausl' d,ltil do not circu!ate through row memories, but in 2-0 
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operation, the delay is expressed as follows: 

1 )'/11/' = 8 ! ~ i- ( ll' - 20 /,~ ) 

where Ir is the original image wid th and" 15 the t1p-~ampling r,lle (l" 2x III 4ù 

In summary, the ll'tal pipeline delc1y (.\) for I-D i" 2:;~ III tHltput trc1l1"p.lI'l'llt lllOdl' 

and 254 in output conversion modt'. The Sall1l' dcl.ly 'lpphl'" for 2-1) upl'riltillll ln 

which /)'/111, i5 added. 

PractlCally, upon system reset, .\' trilnsient rcsults wIll h ,lV l' tll lw dl'-,c.lrdl'd 

before the pipeline becomes full. At this point, il re~l11t b ,lYc1ll.lblL' l'vl'ry PIPl'lllll' 

cycle. For a typical 512 ",512 imilgt' non IIp-,,a1llpled, this tr,lll<-;lllllll't'pl'l''''l'llh nnly 

1.6o/r of the totell convolution time but, lor .... malll'r Im,lgl''', il lWC1lIl1l'''' iI1CI'l',l..,ingly 

important. 

5.7.3 Design for Testability 

With the l'ver increasing circuil den~ity, cl ncw trend hélS bl'l'Il ob"t!rved IJ) chip 

and board testin~r DeSIgn for te~t,luility. DFT ll'chniq\lll~ ,1im ,lt dl'crl',l"lllg 1 l'''' 1 

costs while improving fault coverélgl'. /\t the chip ,1I1d bOilrd kwl .... , 1 )FT Illdkp<", lor 

easily controllilble élnd observable nodes wlth thl' élddltlon of l'xtr,l lugir (Ir wllh 

the adoption of novel architeclures. 

One of the many advantagp<, of Xilinx'<., FPC/\ reprogrélmtnabillly i" lll,ll dif

ferent test configuratIOns CélI1 ue developed ln Itnpll'menl "l'!f-dlagll()<.,lic" I;(lr 111-

stance, some conftgll ril tlOns alread y l'xl"t to test the Jn ll'rll,ll l'krnl'Il h (Jf ri Il 1 ;j'(,/\ 

and guarantee 100rlr fault coverilgl' III addltlOll, l',llh Fj'(;/\ provld(' .... ri rl',ldhtll'k 

mode which may be llsed for Vl'rificiltion of conllgllr,l[)()!l or tI.., tI ml'lhod of d('

termining the stale of internaI loglC node<., durmg IIl-lltllllt dd1llggltlg. III <"plll' 

of that, an eaSler method to probe mtl'rn,11 nodl' .... wO\lld bl' l() cUllned 111l1l,,('d 

FPGA 1/0 pins to selected internéll noùe.., dunng the ll'"tJng ph,l<.,e ()f ltH' dp<.,lgll. 
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S Impll'ml'l1t,ll!l)11 ,11ld Rl'-.ulh 

[Fawcett, 19891. 

PALs tnay <1150 beeasI1y venfjed by specifving ,1 ~l'Illi \'l'l'hlr" 111 tlll' Prol PgK dl'

scription. Upon compilation, these Vl'ctor...:; WIll bl' in..,erll'd 111 lllL' "LlIld,lrd 1 FI Wl' 

file and be lIsed by the dev1ce progr,lmml'r 10 lunl'tion.llly tl'~l tlll' l'A\ 22V III ;\" 

for the static RAMs, a test configur,ltJon c<1nl1l' dl'VL'll)~1L'd m tlll' IT<.;/\ th,lt IInpll'

ments the DMC to perform re,lds (lOti wnte'" 01,111 -..tor,lgl' bIt<., 1\1 11lL' ml'nHH'Il'~, 

To facilitatt:' board-level testing, the ITAC/IFFE bO\lnd,lI'V--..C,lll "t,llHI,ml 

[Maunder and Tu lIo~~, 1992] ha.;; been l'st,lbli..,lll'd .11HI h l'urrL'nllv pld~Illg "P 11ll' 

attention of many integrated cIrcuit vendnr~. A bllltnd.ny-..,c,lIl-comp,ltlble rhlp 

provides a 5-pin interface that gives clCce~s to the mp"l.md output pin.., 01 ,1 chip 

via a shift-register path between the pins. By shifting inte-..t wctor'" .md l'lllllm,lIld ... 

into the device to control the drivlIlg of their output... ,mL! then hy -..llIttmg 0\1\ tlll' 

results, it is possible to find PCB ~horts/ opens ,md 1/0 filult<., ,lIld t'Vl'Il pl'rform 

functional testing . 

ln regard to this recent technique, the FPCAs \l'''l'<.I in tlll' convolution -"y..,ll'\ll 

could be replaced with the more recent XC4000 family of g.1le ,lfr.1Y-" Whll'h impll'

ments the ]TAC standard. This upgrade would not only providl' .1 f rtlllH'work for 

efficient and complete testing but alsa ,ln improved circuit ~pel'd pl'rformilIKl' . 
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Chapter 6 Conclusion 

Several convolution processor boards have been developed in the pa st to speed 

up image proC'essing computations, but those offering appreciable performance 

oruy support integer arithmetic. However, recent advances in image processing 

research have led to the use of floating-point arithmetic which allows a larger 

dynamic range and higher accuracy. 

After a brief review of the relevant literature, this thesis presented the design of 

a double precision floating-point system for convolution. The core of the system is 

the systolic array of custom VISI processors which impie ment the basic multiply

and-accumulate operation. The systolic array system is reconfigurable; that is, it can 

apply either a 9 x 9 kernel on an image or a 81 x 1 kernel on a unidimensional signal. 

An input converter was designed to efficiently convertinteger forma t data to double 

precision floating-point format. Similarly, at the output, a converter translates the 

floating-point convolved data to integer format for display purposes. A delay 

memory circuit re-organizes the incoming data sequence to create 9 streams, one 

for each row of the systolic array. It also solves the border effect problem by 

extending the image with a frame of zero-valued pixels and performs 1, 2 or 4 

times up-sampling on the data as desired. 

Since the design is completed and sim ulated, the next step is to build a prototype 

which should achieve a performance of 126 MFLOPS at a target clock rate of 12.5 

MHz. The convolver will be integrated into the Sensor Computing Environment 

of the McGill Research Center for Intelligent Machines and will be able to perform 

a 9 x 9 convolution on a 512 x 512 frame in about one-third of a second. 

Eventually, the custom VLSI cells should be re-implemented using a 0.8 micron 

process. Such a process would allow the circuit to operate at a hlgher clock rate 
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and should allow multiple cell.., tn fit within Il "ingle Chlp. Simli,lrlv. tlll' .Hl'lh,lI\' 

subsystems should br implenll'nted \Vith tlll' \ihll' 'l'·won t.l\1lIi\' pt ""PCA .... whll'h 

offers high performancl' and l1l'tter rl'Smlrù' lltih/.1 twn . 
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AppendixA Input Converter Schematics 

Schl'mlltics included in this appendix: 

• Conflgurlltion 1 (8/16->64) of input converter. This configuration perfcrms 

Lhe conver~ion from R- or 16-bit integers to 64-bit floating-point numbers. The 

~chematics conslst of 6 sheets plus 1 text sheet describing boolean equa tions 

referred Lo by the ctrlpal block in sheet 2/6 . 

• Con figuril tlOn 2 (M->64) of mput converter. This is the transparent configura

Lion whICh rerlrranges the incoming f1oating-point numbers. The schema tics 

consist 01 :3 sheets plus 1 text sheet that describes boolean equations referred 

tu by the ctrlpal2 black in sheet 1/3 of the schema tics. 

Both configuriltions fit into the same XC3042PC84-1 00 field programmable gate 

.uray. 
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Appendix 8 Delay Memory Circuit Schematics 

Schemêltics inc1uded in this appendix: 

• The delay memory circuit (DMC) top sheet (FullDMC). 

• The datil path section. Includes 3 sheets (sa me level of hierarchy) showing 12 

PAL~ 22VlO (~ee also clppendix C) ilnd 8 SRAMs. 

• The controller section. IncJudes 4 sheets plus 1 text file which describes the 

boolean equcltions referred to by the sLmach block in sheet 2/4. 
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AppendixC PAL 22Vl0 Description 

This appendix inc1udes: 

• A schtmatic of the equivalent gate description . 

• The ProLogic description file (dmc.pld) with test Vl'ctors. 

There are 12 PALs TIBPAL22V10 in the delay ml'mory circuit d,ll'lp,llh -'l'clion. 

Each PAL implements 6 flip-tlops, 3 2tol multiplexL'rs, Il lew AND gclll'-' 11nd h 

tri-state lines. In addition, one PAL provides a m,lXlIll\lm of ~ olltpllb hnl'~ (VO, YI 

and Y2) to be connected tn the systolic array. SinCL' one row of 11ll' -,y-,\olk .uray 

is 4 bits wlde, it tak,?s 1 1/3 PALs to implement r1 complete row. Six tri- ... talL' linl'<'; 

also provide a connection to the data bl1~ of the SRAM in the prcvlolh TllW . 
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Appendix 0 Timing Simulations 

Thi." appendix presents sorne sImulation traces From Mentor Graphies' Quicksim. 

Sl'Iected ca<.,es have been included for the input converter and the delay rnemory 

circuit 

D.l Configuration 1 of Input Converter 

Figu re D.1 illll<.,traies an C'xample of conversion. In this case, a 16-bit hexadeci-

111,11 number, Nm3, is converted into a 64-bit floating-point number. First, A9E3 

élPI.1l'.1r~ on bl\" DIN <lt pipeline cycle F (330 ns). The conversion takes place dur

ing the next 16 l'lock l'ycle~. Then, on the subsequent pipeline cycles, the result 

,1ppear~ in chunk" of R l1its on bus FPOUT The first four bytes are always zero, 

but the rell1.1inmg 4 bytes, 60, BC, ES and 40, appear on clock cycles 5, 8, A and 

C, re~pl:'ctlvely Nok' that the DMC latches the content of bus FrOUT every other 

dock cycll' ~tarting wIth the least significant bytes first. The result of the conversion 

i" therdorl' 40ES BehO 00000000. 

D.2 Configuration 2 of Input Converter 

FigUTl' D.2 ~hO\vs the behavior of the transparent configuration. ln this case, the 

64-bit tlllc1ting-point nllmber FEDC BA98 76543210 is read 16 bits at a time during 

thl' fist pi pl'l i Ill' cycle in the following order : BA98, FEDC, 3210 and 7654. In 

tl1l' ne"t pipL'lme cycle, the sa me Humber appears on bus FPOUT byte after byte 

st,uting with the least signiflcill1t. 
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D. Timing Simulations 
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D Tl1ll1ng Slmu\.lttnn..; 

D.3 Delay Memory Circuit: Memory Access 

This simulation run illustr,1tes how dilta clrnll.ltl, in tl1l' PMe (2-D I1wdl'). t\ .... 

shawn in figure 03, value 32, which I~ ,1 pi1rti,11 rl' .... lIlt l'ommg twm tlll' input 

converter, appears on bus DATAg during cyelt' B. At tlll' .... ,1I11l' tll11l', ,1 rl',ld l'Vell' \ .... 

taking place. During memory c1CceSS, im II1lkl1l1WIl val\'l' \\ .1PPl',U .... tl'Illpur,ully 

on bus DATA8 until the number FF jq retric\'l'd tW1l1 l11l'llwry Uppn n .... lI1g l'dgl' 

of the clock (cycle C), value 32 I~ Iiltchl'd mtn LIll' tllp-tlnp ..... md pruP,lg.lll'd tu hl\<., 

DATA8 for storage 1nto the memory of row R. Il ~hollid bl' dl'.lr Lh.ll, (ln lldd dlWk 

cycles, bus DATA8 1S driven by the output of n1L'llwry and, un l'WIl l hH:k. cycle .... , 

this bus is driven by the output of the latchl' .... 111 row l) Slgn.ll" ROWl) ,mL! !\( )WH 

are 4-bit bUSES connected to the sy~tolic .lrr,ly inpuh. [)l1f1ng l'Vl'11 dork ryde~ 

they hold the lower 4 bits of the byte~ jll~t latched ,1I1d, dl1rlllg odd cloek. Cydl'~, 

they hold the upper 4-bits . 

D.4 Delay Memory Circuit: Control 

Figure 0.4 shows the trace of il few contrnller signill5. whl'n thl' 1 )MC oper.ltl'<" in 

2x up-silmpling mode. In the first hillf of the simuliltion flIn, qigl1rll ZI ':I~() IN B i.., 

activated to insert two zero-villued pixels for tlll' Idt bordl'r in tlll' 1I1l ollling d.ltrl 

stream. The first zero is ~tored in memory !<KrllÎorl'" () to 7 whih' tlll' "l'lOnd 1'" 

stored in locations 8 to F. The two rem,lIning Lero-v,lllleù pl~e'" cUl' Ilot ..,!ored ln 

memory since they will be ,mtomiltic,llly in"'l'rteo in the 01ltg0ll1g '>lrl'.lm.., by tl1l' 

up-sampler. 

SignaIs V, H and U rl'present the clirrent statl' of e.lch of the tlHl'l' ..,t.lll' 1ll.llhiJ1(·'" 

already described in chapter 4. Notice thrlt the U (horl/ont,ll IIp-'''rllnplll1g) ..,t,ltl' 

machine alternates between stilte 0 (in~ert normill pixel) rl/IU .,trl((! 1 (lll">l'rt 111111 

pixel for up-sampling). When U = 1, the HALT ..,Ignilll.., ùrivl'l1 high lu ..,!op the 
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input converter during up-silmplmg élnd ~lgnal ZERO _OUT BI" li fi \'l'1l1l1\\' toi on.'t' 

insertion of l1ull pixels in the olltgoing streal11s. WI1l'n LJ ::: 0, tl1l' AI)I H~FSS bu"

is incremented 8 times to "tore in the dl'1ay n1L'111ory tlll' ilKPIn1l1g Ihlllllg-pOlllt 

value . 
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