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Abstract 

One of the principle drawbild(,. wi! Ia trildit.ional parallel image CUIII posit ion archikct.u r(':; is 

the lack of support for irallspan:lIl illlilgl'''. This paper illirodun:s till' Disl,ribut.ed (:d! Store 

System, an architecture based 011 ilililge CUllipositioll principles, hill which provid.,,, (·xplicit 

support for transparency via it:; Serial Bus System. The transparclI<,), :;upp0l'l j,,; exploited ill 

a scheme for the generation of slIIooth-edged lilies, wbich avoids tlw Iwed for allY illI!.i-aliasilig 

calculation in software. Tile belldils of segment.ing, iillcs so that. dilk'renl segmcnts lIIay be 

rendered in parallel ill dilferelll pro<'<'ssillg ullit.s are identified alld quantified, aud t he paper 

concludes with a discussioll 011 1.\'(' \H'lIelit.s for illcrelllelital image :;I'('cificat.ioll SySklliS which 

could be gained from illlplelll<'lIt.alioll 011 sucl! a haTdware plat.foflll. 
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1 Introduction 

Interactive graphics systems providillg a quick respoll:-;e to USCI' illl'lIt. dea.rly I'cqlllJ'(' high sys­

tem performanceo One way to aitaill Huch performance levels is to pel'fol'll! mulLiple operations 

concurrently. Multiprocessing archikdures have beell used for several years 1,0 Hied. til(' demand­

ing computational requirement.s of interactive graphics systems. Silllple operat.iolll'; s\I('1I as the 

rendering process can be easily divided illio a sequence of pipelilled opera.tions. If'illdependent 

processors are used to handle tbt'l';<' operations, very high perfol'lJl<lIl('e call be attailled [Clar82]. 

However, more complex operatiolls such as surface tesselation alld illUllliuaLioll calculations can 

not easily be handled by a highly pipdilled arcllitecturc because or tilt' difficulty ill I'cwllfiguring 

the pipeline to execute a wide varie(.y of graphics operations efficielltly. 

Parallel processing architedu/'('s Ilave bee!! explored by many researchers 1'01' p,-,ri'of'lllillg draw- . 

ing operations [Fuch8l] and for frollt-end geometric and arithme[.ic opcratiolls [TorbC;7]. 1I0wever 1 

a major drawback of highly pa.rallel architectures is the low utilizaLiol1 of ea.ch proc('ssing ullit in a 

fully instantiated processol'-per-pixd [Eylet{S] or processor-per-polygull [Dellle80] HY:-;!clli. III some 

cases the utilization of the processing ullit.s Iliay be less than onc percellt or t.heir (·apaci(.y [Fol(90). 

One way to achieve higher utilizatioll is Lo build ollly a fractioll of til" hardware, hut. 1.0 allocate 

its resources dynamically as they 'H(' Ilel'ded. Two variants of this krllllique exisl.: vir[.ual buffers 

[Ghar89] and virtual processors [Buuk8V]. Sillce both systems visi!. a region only ollce ill a frame 

time, bucket sorting is required, aud t.his sorting mllst be perfol'llH'd on a frallw-hy-fI'Clwc basis 

at video rates. The impact of the sort.ing process is to increase t.li(· laLclIcy of til<' SySlt'lIl by one 

frame time which can be detrilllental ill real-Lillie sysI.clI1s. 

Another level of parallelism is availabk ill virtual buffer SySkillS by having s('v(,I'a.1 buffers 

work in parallel on diffcrelli concept.ual regio!l:; [Fuch8V). This Hotioll of COlllbillillg jlllages from 

different regions lead to the fOI'lIlUla!.ioli or allother category or 1111I1(.ilevd parallel :;yst.ClIl, the 

image-composition architecture [l\lolllt>8], (ShawS8j. The cent.ral id(';j is (,0 dis{.rihll(.(· drawing 

primitives over a number of cOlllpl('(' 1't'1Id('rillg systeills. Eac.h I't'll(kring :;ystelll thell processes 

its allocated primitives illdependellt.l,)' alld st.ores the output ill its 0\\,11 fralll!.' bulkr. Tlwoutput 

171 



fronl the frame buffers is synchwni,wd M) that a tree of composit.or,.; <"all be llsed to I'Olllbille the 

pixel streams of the pa:rtial image 1.0 form t.he final output. Very high perfOrJI1,111C<' syskills can 

be built with this distributed processing l.ecillli4ue by using a larg(' IIHll1bel' of paralkl rendering 

systems. However, the image cOlllpo"';il.ioll operation does noi support. tmllspan'lIt. illmges, and 

aliasing can often be introduced ill!'o the filial output.. 

The Distributed Cell St.ore Sysklll, beillg designed at the Ulliver,.;it.y of Ulster, is all extellsible 

architecture based on the image colllpo,.;it.ioll principle which combill(,s (.he fUlldiollali(,y ur a digital 

. painting system with that of a video dl'ed.s ullit., The following sed-iolls describe t.hi,.; <lIThit,ecture 

and consider the possibilities for all illneasl' ill system t.hroughpu(. by Illakillg use of till' hardware­

implemented transparency funcLioll, alld t.he distribut.ed nature of til<' processing ullits. 

2 The Distributed Cell Store System 

The Distributed Cell Store (DC:S) Syskll! (Fig. 1) is based on the illiage CO!llposil.iulI areiliLccture. 

In order to overcome the aiia<;illg aud t.rallsparency deficiencies idl'lI!.ilied ill I,he pr('violls section, 

each image is assigned a display priurit.y ami each pixel is associakd with all 8-bil t.rall,.;parency 

value. The Serial Bus System (iluag(' (,()lIlpusiLor) provides managt'l 11('11 I. or overiappillg illiages, and 

mixes such images of similar display priority 011 a pixel-by-pixel basi,.; accordillg t.u (Ill' relalionship 

defined by their transparency vaitl<':-;. The 1I11111IJer of processing celll.!'(',.; (cdl :-;(.Ol'('s) i II the system 

is determined by a trade-off betw(,l'1I ,.;upport. for multiple overlappillg illlag('s, alld (.11<' resultant 

complexity of the image compositioll Illl'clianislI1. For reasons of cosl. alld e!iicil'lIfY, (.h(' current 

system uses four cell stores. 

A cell store is a self cont.ained !'<'lId('rillg unit consisting of it graphics (>l'OCl':-;Slllg clIgllle, a 

frame burrer, and a display prOCl'ssor to handle cell st.ore oU(.jJut.. The graphic,.; ('lIgill(' ill each 

cell store is a Texas Inst.ruments TMS;)/!OLU C;raphics Syst.em Pror(',.;,.;or (('~SP) [T,'xa~)Oa]. This 

is a powerful general-purpose CPU, pruvidillg illst.ruc!.ion set support. for graphics applications, a 

512-byte instruction cache, and all Oil-chip IllclIlory cOlltroller wllidl allow,.; t.he CSP to int.erface 
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Figure 1: Dis/riulI/nl (-'( Jl .)"Ol"( System: Functioll /Jluck iJiagram 

directly with the frame bufrer, so COlllpict.e1y rellloving t.he graphics burdell frolll (.1", itost., Within 

a cell store, the GSP is associated will! four TlvlS34082 floaLillg poinl coprocessors [Tl'XaUOb], so 

increasing the system throughput fur ;ll) aud other floating poillt. iul('wiive applicat.iulls, rvlorcover, 

the four coprocessors can be clIl!>loy,·d (.u illiProve cell st.ore perfOrtll;tIlC(, by pron'ssillg the four 

pixel components (red, green, blue alld t.ransparency) in paralleL 

An important capability of t.lw IIl'Wer, graphics-based user illkrfa.ces, originally developed 

at Xerox PARC [Thac81], is !.Ill' US(' of willdows to organise illforlllat.ioll 011 till' display_ The 

Distributed Cell Store System provid,'s hardware support. for willduw 1I1<tlmgclll<'lIl.. Oil screen, 

the window format is broken dowlI ill\.o a series of hori~oll(.al stril's ur ballds, eadl ('ont.aining a 

number of rectangular areas, or lii,'s_ A t.ii,· ('all be as hu-ge as 1.1t(' display itself. or a,.; siliall as 
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a single pixel. The images for each tile are read directly from the appropriat.e <tIT<I:; or IIle frame 

buffer on the fly during the active di:;play !.illle. A tile represenLatioli or a screen witll (.\VO windows 

is shown in Fig. 2. 

In Fig. 2, tiles labelled A reprt'~w!ll t.1t" background area, and IWIY In' all arbitrary cololll". Data 

need not be fetched from Lhe [ralll!' IJlilrl'f ["01' these tiles, sillce the backgroulld coluur pat.tern is 

stored in a register in the Ji:;play prun':;sor. The areas of tiles B alld (~ Illap the visibk porlion of 

window 1. The display processor I'd.fill's data for these tiles fro II I (I", frallIe bul!','r ('egiuB where 

the image for this window is loral<'d. Til,'s D and E represent (It" visible port.iull ur willdow 2. 

As an example, consider t.he COlllposiliull of the first (uppermost.) scalI line ill balld L. This band 

consists of 4 tiles; labelled A, C, D alld A. The correspollding act.ioll for t.he display prucessor is 

to generate the backgroulld pattcrll fur till' area corresponding t.o Ii 1<' A; t.helt t.u ,",'ad from the 
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frame buffer, at the appropriate plan'. i!llage data for tiles C alld D; alld lina!ly (.0 output the 

background pattern for the remainder of the scan line. If the user put.s window ! 011 top, the 

pointers specifying the width of til<- ( ~. t.he fralne bufrel' startillg addrt'ss alld til<' width of tile D 

will be changed, so instructing the display processor to feLch more dat.a fol' t.ile C aud less for tile 

D. 

The tile description of tile display i'iCl'CCI! is updated by the Display List. Manager. This updated 

list is then downloaded to the Display List Processor of the correspollding cell S(.OI'l'. A:;, the tiles 

are defined by a set of pointers, o[H'ral.iolls such as panning and scrolling illiages withill a window, 

Dr even resizing and moving the willdow about. the screell can be pcrforilled silliply by ltIallipulating 

these pointers. Sinc.e the images <tH' ("ead directly frolll the frallIe buller, the citallgt's arc always 

presented to the user in a single fl'allll' t.illlt'. 

The Serial Bus System serves tim',· I!lail! purposes: The first COlln'l'IIS the provisiull for output 

of images at video rate in respolIst' tu (.h~~ display prot:essot'. This illvolves I.he l'l'su\lll.ioli of over­

lapping images, and combinatioll or illmges of equal priority accordillg t.o t.he mixillg relationship 

defined by their transparency values. Secondly. the Serial Bus SYS\.CIII provides H Illelllod for the 

capture of an external video siglla\. This is a functioll of the Serial Bus System raLlter t.han the 

data bus, as the latter caullot mec\, (.ltv required video rate and CClIlIIO(. be occupied !(J!" IOllg periods 

of time without affecting the Illclllory alld sneell refresh functiolli'i or t.he GSP. Thirdly, tite Serial 

Bus System controls the merging of a capturcd live image with thaI. stored ill til<' 1'1'<1111<' buffer. 

The display priority of an imag<' ddille,.,; it.s cOllcep(.ual dist.allCc froill the viewer. 'I'll(' opacity 

of an image is defined by all 8-uit valtl\' (trallsparency factor) at each pixel. If the illlag<° ur highest 

priority is non-opaque (transparency farlor < 1S5) at allY pixel positiulI, it. wili L,' IlIixt'd with the 

image of next highest priority. Thi:> depth t.raversal cOlltinues unt.il (,it.her it [ully upaqu(, pixel or 

the background is reached. A hok ill all illlag;<' i:> specified by pixel (I"{tIlspare!lcy facturs of zero; 

such pixels will contribu(.e nothing to (h(' dii'iplayed ililage. 

The output stage of the SYS(.t'lll !"<JlIsis\.s of all output. buffer all\l a irallSforillat.iull ullit. Final 

system output can be redirected t.o a Illill'l'l' (,ither preceding or followillg Lite (. ralls i"u 1'1 I I<ltiull ellgine. 
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The image stored in this buffer C<I1i I ... rq!,arded as t.he runcllt. output. m; frozell. tlaw; enabling 

a mix between an old frame aud i II!' II!'\\' oUl-put. This is a cosi-dl('d.iw altemat.iVl' 1.0 using a 

second screen output system. 

The transformation engine collsist:; of it GSP and a lllultiplier-adder I.ree. The lralisfol"lIIation of 

an image from a source space to a target space using a 4-by-4 irallSrOl"lllatioli cOllt.rol grid [Nib179] 

requires 32 multiplications and 30 addit.iolls for each pixel. Such a !.hrougliput is illlpossible in 

a 70nS pixel time, so the trallsfol"lll<llioll ('llgllle takes advanLagp or the fact tim!. pixels of the 

same scan line have similar vertical <"Ol'fficienl.s and control parallwl.el"s. These values call then 

be calculated during the horizolltal blailkiJlg period prior to t.he processillg 0(" Ihat. scali line. 

Horizontal coefficients are accessed wllell Heeded frolll an SRA l\l st.ore, indexed by a counter 

(Horizontal Offset Generator). TIlt' wllt-rol paramcters, and vert.ical and hori:t,olltal ('(Jcfficients 

are then passed to the mulLiplier-aJd<'l" trel' , from which the address ill source-spuc(' of a pixel can 

be output in a single 70llS pixel (.illH'. 

3 Serial Bus Anti-Aliasing of Lines 

One of the most widely used bellcilillarks against which t.he IWrfol"lllaJlcl' or COlltpU(.PI' graphics 

systems is measured is the rate at which s(.raight. lilies can be gClll'raLcd. MallY arrili(.ecLt!.res 

provide hardware support. for IiiI<' g;<·II!'I"a(.ioll and thc '1'M8340:20 C;SP al the \t('art. of each cell 

store even provides explicit instnldiull sel supporL for this operat.iuli. The quality of t.he lines 

produced by such hardware suppurkd kchlliques, however, is lIsually impaired by aliasillg. One 

of the most common and effectivl' lite! IlOds for clilllillation of aliasing is brush ext.rusion - a 

technique first suggested by VVhitted [Whit!);)] from all idea espollsed by Crow [( ~row7!)1. 

By brush extrusion, a matrix or illll'lIsities greatest at. the cell tn' <llld lkcreasill!!, towards the 

edges, (representing a brush) is rOllcl"jJt.lIaily dragged along till' paLh or t.he IiiH'. The line is 

rendered by stamping the brush 011 til<" rast.l'r al each positioll produced by (.11<' IiiI<' drawing 

algorithm. The stamp is perfOl"lllt'd <HI a pixcl-by-pixel basis alld cOlllprises a \\'(·ighLt'd mix of 
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the drawing colour and the existill!!, pix!'1 value at that. point. Colour sysLellls Wllicll sp<'cify pixel 

values in terms of quantities of red, grt'ell <tilt! blue requite three slich lui x opt'l'atioll!-; fol' each 

pixeL The Serial Bus Syst.em of l.l ... 1)( ~S pwvides hardware support I()i" 1I01l-opaqll<' illiages, and, 

by employing some of the capabilit.ies of tile GSP at the heart of e<Ldl rell st.ore, a bl't1sil extrusion 

technique which avoids time-collslllllilig pixel mixing ill software call Ill' illlpietllt'lIkd. 

The anti-aliasing scheme takes advalltage of the fad tilat the Serial Bus SySt.e1l1 performs pixel 

mixing in hardware at the image colllposit.ioll stage. By this techniqut', tilt' line is drawil only on 

the transparency plane of the [ralll!' burrer, t.hus specifying the degn'l' of opacity !"<.J!' eadl pixel of 

the image represented on the colour plaut's. For a line of collstallL ("(Jloll r, t.he red, grccil and blue 

need only contain a block of that. colour which boullds the I> a.(. \ 1 of the line. Thi~ block may 

be created by the GSP FILL insiru("t.ioll which can seL the values 0[" Ill' t.o 40 milliull 3:2-biL pixels 

per second. The stamping of the brush along the patiJ of the liBl' C<l1l al~o Lakl' advallt.age of a 

hardware-supported GSP instruct-iull. 

The PIXBLT (pixel-block trallsfer) illstructioll implements a gCll<'ral Lit,Hlt. [PikdH] opcra.tion, 

of which the transfer rate can a.pproacli ,1 lilillion 32-bi t pixels per :)('("ull(1. Thc GS l' also provides 

pixel processing operat.ions which call be lIsed to specify the exact. Illilllller ill whidl t.he PIXBLT 

instruction affects the destillatioll ra::;ter. Thest' rallge from a rCpla(TIIIt'lli 0(" the (ks(.illat.ioll array 

with the source, to a number of bookall alld arithmetic [ullctions ~lJ("h as AND, 01{, XOlt, ADD, 

SUB, MAX, and MIN. AIli.i-alia..<;i!lg <lpplicatiolls are supported by (.h(" A DDS (Add with Saturate) 

option, by which the pixel valucs ill til<" PIXIH;r ~ourre array are add("(1 t.o those of till" dest.illation 

region, but where each pixel SUIII is IHlllllded t.o t.he 11I<lxilllUll1 displayable value (Fig. 3). 

Consider a line from (xo, Yu) t.u (J'" yt) (where Xu < Xl and Yu < yI) crcal,('d lIsillg a brush 

of diameter d. The patll of the lillt' is t.raced by repeatedly PIXIlLTillg the hrush arra.y to 

the transparency plane, with olle PIXBLT cCl!tred 011 each point. gellerated by til<' lill<' drawing 

algorithm. The ADDS optioll will ('IISliIT that those pixels affected IIIOS(. oft.en by PIXBLTs will 

exhibit the highest intensity, whitt' ! II<' illtellsity of t.hose pixels 011 l.lt(~ l'xtreliliti('s of the line 

will be lower. Since the first alld last P I X B LTs will be centred 011 \.lIe s(.ar(.- alld ('lid poillts of 
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a b c d (' 

1 22 50 80 50 1'2 

2 50 115 170 115 50 

3 80 170 255 170 t)O 

4 50 115 170 115 50 

5 22 50 80 50 n 
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1 22 50 80 50 22 0 0 

2 50 0 

3 80 0 
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5 22 0 

6 0 0 

7 0 0 0 0 0 0 0 

(c) The effect of the 1st brush Stalll\l 
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5 0 0 0 0 0 

(b) Tragd ilaster 

Zero values indicat.e a virgiu (Iliack) 

background belon' the lirst S(.itlIlP operation 

a I b (" d e r g 

1 22 50 1:)0 50 2:2 0 0 

2 50 137 no 195 100 n 0 

3 80 220 'lG5 255 195 50 0 

4 50 HlG 1G5 255 2'20 80 0 

5 22 100 195 220 137 50 0 
-, 

(j 0 12 50 80 50 1'2 0 

7 0 0 0 0 0 0 0 
-- -

(d) Result of tilt' '2t1d brllsh S(,lIllp 

This diagnllli slluws Ul(> dkd or til<' 

second stalllp, ("('!I!.ered 011 pixel (4,J). 

Note how tile A DDS functioll has resulted 

ill some pixels rt'<lchillg (bu\. 110 cxcceding) 

the maxillllllli value, while tllOs<' further 

from the centrl' are a(. lesser illl.cllsiLy. 

Figure 3: The A lJIJ:'" fo'lLJIc!lOll with Ovcr/appillY IJr(/~h .)'I(Jmp~ 
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the line, respectively; the smallest. rect.allgle which boullds t.he arca affccted call Ill' tksnibed by 

(xo - d/2, Yo - d/2) and (Xl + d/'2, VI + d/2). These coordinak"S spl'('ify t.he wiltdow fWIIl which 

the line is displayed. 

The position of the line on t.11l' S('I'('CII is passed t.o t.he Display List Manager whir.h adjusts 

the tile description of the out.put. iltlllgl' \.0 lIIap the willdow cont.aillillg t.he lille t.o !.It<' appl"Opriate 

place on the screen. During imagc wlIlposit.iou, the Scrial Bus SYSI'('11I resolves t.11(' I.rausparency 

for the window, so allowing ollly (.hosl' pixels which have been affe("[.cd by t.he PIXBI:l's (those 

which playa part in the line) t.o (·ullt.riblltl~ t.o the final image. Tlw altlOuut. coul.rihuled by these 

pixels is dependent on t.heir t.ra.lIspClrl'lIry value, auJ as can \)(' S('('II froll1 Fig. J t.he resultant 

pattern will be that of a line segllH'ul wilh illt.cllsit.y grcat.est at t.ht' ("('litre ami klldillg 1.0 zero at 

the endpoints and edges. 

4 A Parallel Line Drawing Technique using the Des 

The example ofthe previolls sectioll illust.ra.ies how the hardwarc suppurt for I.l"auspa.r('ucy inherent 

to the Serial Bus System can be used (.0 implement all efficient aut.i-aliasing llIechallitHIl. However, 

such a scheme requires only a siugh' n~1I store, and lIIakes scalli. US(~ uf t.he hanlwa.f"l' wiudowing 

facility. We now present a linc drawillg IlIct.hodology which eJllploys I.he full fuuri.iollality of the 

Distributed Cell Store System to grl'at.ly illiprove the t.hroughput. of HII image cn'al.ioll system. 

Consider a 4-cell store DCS ardlikrt.llI'c as describcd in Fig. l. Provisioll of all illlag<' creation 

environment would require tha.i 011(' 01' t.he ('dl stores be dedicat.ed I.u lIIaillt.aillillg til(' st.aLe of the 

current image so far. Therefore, a.t. IIIOSt. J futly functiollal cell stOrt's "('lIlain for rendt'ring of future 

primitives. If an anti-aliased line is t.o b(' added to the image, tll<.' opl.'ral.ing l>ySkl1i call determine 

exactly how many cell stores arl' availabl(' anJ then cyua.lly subdivide tltl' lille, tbt.rihutillg one 

segment to each available cell st.on' fiJI' I'enderillg in parallel. Tlte IiiII' seglllCllt.l) call 1)(' rendered 

on any available area of the frallll' bulll.'r in a ("ell storc, I>ince the Dil>play List Mallagn I{('('ps trade 

of the frame buffer locations of all ('III il ies allli t.heir w("("cspontiillg ";IT('eli roo('(lillat.(·s. 
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Cell Store X (~{)urdillak Y Coordillak 
--C::-O--It--;-( 3-;U-- d"I"T'1.7:)------t-;----;-,:c;-;- ----

(Yo '- dl"},) 
1 (xu - dl'!.) + (dxI3) (Yo - d/2) + (dyj'J) 
2 (:1:0 -- til"},) + (2 * dJ:j3) (Yo - d/2) + (2", dy/3) 

" Table 1: 'J'JII dii;Jllay origin oj lhe line segments 

When all line segments have beell relldl'red, the Display List Mallager disLribuks Lhe updated 

display lists to the cell stores. For each cell store, the display list spl'cifies t.he fralll<' bulrer origin, 

width, and height of the window wllt"aillillg that cell st.ore's lille st'glllcnt, alld til(' diHplay origin 

from which that window will be olitplIl .. The display lists are proCl.'ssed by their rl~'iIH'("(.iv(.> display 

processors, which fetch the pixels frUll1 tilt' frarne buffers and oulput. (lwlll t.o t.he St'rial Bus System 

at the appropriate time. 

Suppose a line from (xo, Yu) I.u (J'), Yl) created wilh a regular brush uf diallwt.cl' d is to be 

added to an image in cel! store 3. If all other three cell stores are available, tlte IiII<' ("<II! be equally 

subdivided into three segments. TIlt' rect.allgular area re4uired Lo billd a seglllCllL II<ls a dilllension 

of dx by dy, where dx = (Xl - J:u + d)/3 and ely = (YI - Yu + d)/3. The display origill to which 

each cell store's segment window j,.; IIlapped is then given ill table I. 

The display lists are dowillvad(·d \.0 til<' display processor limill)!; the field hlallkillg period 

after the entire line rendering proC(''';''; Itas been completed. By )llappillg t.hl' illdividual windows 

containing the line segments to tite urigills given, the complek lill!' call be viewed ill the next 

displayed frame. As the display illlag!' output. from the Serial Bw; Sy,.;l.t'lll call 1)(' ruu!.l'd through 

an output stage frame burrer, UH' ("olIlposite image call then be dil'eckJ, via t.he Feedback Bus, to 

cell store 3 from where it can be us(·d as LlI,' backgroulld for the lIext. prilllitive tu Ii<' added. Such 

an incremental approach to imag(' ("ullstrucLioll ha<; applicatiolls ill a wide rang(' of areas from 

painting toolkits to CAD sysiellls. Fig. 4 illus(.rates t.ltis distribukd approach to til<' r<:lldcring of 

primitives. 

One potential problem in thi~ ,.;ciWIIlt' (OUCl'l'IlS t.llt' l.rcaLlIlclil. u(' i I", poiuts a(. wlticll the line is 

subdivided. The overlappillg llat.Uft· of the bru,.;l! ,.;l.allljl"; comprising <I lillt' results ill pixels being 

potentially affected by a sequclJ(,(' ul' PIX BIT illst.ructiolls. If, IIOII'('vcr, t.he Iiiit' i,.; scglllcnted, 
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Figure 4: Distributed Line Rcndcl'Luy. Cell Stores 0, 1 Cf 2 tach render ont third of the line 
which the serial Bus System dis]llay8 08 (l whole on the background 811pJ1lifd by Cell ::"01"(" S. The 
resultant image is then captured by 'ht Output Fmme Buffer and muted to Cell S'(on S, where it 
becomes the background 072to whiffl !I/(. next Jlf'imitivc is added 

then stamps immediately before alld after the poillt segmentatioll will 110(, illfluell(,(' all tile pixels 

that would have been affected had "");IIIt'lltHLioll lIot takell plan' - silJ('(' Jillcl'ellt. sq;nwiI!.s reside 

in different cell stores. The solut.ioll is to (>xtelld t.he segment. ill (';\<"11 cell store pa,;(, t.1l<' point of 

subdivision, and clip the segmellt. tu (II<' origillal subdivisioll whl'1l p<I,;,;illg t.h(~ willdow dilllCllsions 

to the Display List Mana.ger. III (Iii.,; way, each pixel ill each l>Cgllwllt is visited by (.he brush 

exactly as it would in a nOIl-disLribul<'d ililplelllCllt.aLioll, yet t.he lilll' appears <I .. '; if it. wert· rendered 

in a single cell store. If the brush is ';(.illlljwd once for each horizontal or vertical pixel along the 

extent of the line, the required exl.cll,;ioll ill a cell store holding a segillell(. frolll tilt' illiddle of the 

line is equivalent to the diameter of \.hl' brush - half of which is at either end of' !.iw segment. 

It is therefore important to ellSllre Iwfuj"(' sllbdivisio!l that. the overlwad illclirred by til!' ,;egment 

extension does not outweigh the advall\.age,; of segmellt.ing and dist.ributillg (.ile IiiI<'. 

Assume that the length ofthe origiliallilll' is L, the diameter of til<' hf'llsll is d, '111\111 rdl stores 
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are used to process the line ill parall"'. Wit.h II line segments, tiler\' are (211 - L) ('Xt.l'lI>;jolls, and 

the total extra length due to these t'xl-ellsiolls is (11 - 1) * d. If the liue is equally di vided, each cell 

store will need to process a line segllll'lli. of average lellgth [L + (11 - I) * d]/u. 111 urder (.0 achieve 

any speed advantage from the diH(.riIJlIl.ed approach, the length of 1.111' lille segllll'lI\. relldel'ed by 

each cell store must be less theUi til<' origillal lellgLh of t.he line, wlairlt could aft,('1" all \)(' rendered 

by a single cell store without allY ('x\(·lIsioIlS. i.e. 

rearranging, 

[I, + (1/ - 1)* d]/Il < l 

[L + (11 - 1) Hi] < L * 11 

(n-l)*d<L*n-L 

(n-l)*d«n-I)d, 

d < L 

(1) 

(2) 

(3) 

(4) 

(5) 

This result indicates thai for allY perful'Ilt<lllce illlProvement to be gailled from dist.ributioll, the 

length of the line to be rendered lIIust Iw grea(.cl' Lhall tile diameter of !.Ite rClldcrillg brush. If this 

is not the case, then the line will IH' l'l'lIdel'ed 11101'(' quickly by a sillgl!' cell st.ore. 

It is interesting to note tlte efl't,cl. Ull till' performallce of the disl.riIJlIl.ed schell I<' 0[' tilt' ratio of 

the length of the line to the diallldl'l' ur till' brush. Assliming that III\' (.illl(, reqllil'nl 1.0 rl'lIder a 

line segment is proportional to ill(' i<-lIgth or the segllll'i1t, t.hell t.it!' ratio or !.itp tillH' required to 

process the whole original line by a sillgle J'('lHlering unit (.0 the LillI!' required for ('arh illdividual 

cell store to process an equally divid('d line segment is: 

L:[L+(11-1)*dj/n (6) 

Expressing the ratio of line lellgtll (.u hrush diameter as M L : d illld subs{,jl.ul.illg M ill(.o the 
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Ratio or Lillt' Lellgth to Brush Diameter 
1 2 4 8 16 32 40 (i., 80 100 120 

2 LOO 1.33 1.60 1.78 1.88 1.94 1.95 UJ7 1.98 1.99 L99 
Number of 
rendering :3 LOO 1.50 1.0U 1.40 2.67 2.81 2.86 2.V:1 2J)6 2.VH :UH) 
cell stores 

4 1.00 1.60 2.'2!J 2.91 3.37 3.66 3.72 3.t\6 3.93 ;UHi :U)8 

Table 2: Performance JllljJroVflUtllJ Obiaintd by Distributiun oj Line J)mwillg 

ratio above gives: 

!lId [!lId + (n - 1) Hl]/lI (7) 

= Mild Md+ nd- d (8) 

= 11111 .M+71-1 (9) 

Table 2 illustrates how this ratio is affect.ed by the line length to hrush diallwkr ratio alld by 

the number of rendering celi stores. As the kllgth of the line great.ly exceeds t.he bi'u:;h diameter, so 

the overhead incurred by segl1lclli eX(.('lIsion becomes negligible, and t.ll(' performallce illlprovement 

offered by distribution becomes a dil'('cl. fUllction of the number of ('ellderillg cell s!.urcs. 

5 Performance Evaluation 

Table 3 provides simulated result.s (ill IllS) for the rendering of a 1'<lllg<' or lilies or dilkrclI\. lengths, 

with rendering carried out by a varyillg Ilumber of cell stores. The i't'liderillg till!\' ('Olliprises: 

L the time required for the Ilosl. 1.0 dc(.el'lllille the !lumber of available cdl siol'<'s alld subdivide 

the line accordingly; 

2. the time for commands to 1)(' i:;slll'd sequentially by the hos[. tu ,'ael! parLicip<lt.illg cell store; 

and 

3. the time for the cell stores iuvolVl'd (.0 pcrfot'lll t.he area fill, !,uillt. gelieratiull, alld brush 

stamping functions required i'ur ('arll lille seglllell( .. 

183 



~-

Length of the Line (ill pi;;:ls) 
~ .~ 

--_.-

T 4 tI 20 40 80 lGO 320 610 

No Distribution 0.319 0.634 1.654 3.606 8.474 22.050 64.562 211.026 
1 Cell Store 0.335 0.650 U570 3.623 8.490 22.067 64.579 211.042 
2 Cell Stores 0.495 0.574 1.064 1.945 3.947 8.U 11 22.679 65.575 
3 Cell Stores 0.499 0.578 0.902 1.499 2.712 5.0US 13.152 35.119 
4 Cell Stores 0.503 0.582 0.824 1.242 2.139 4.173 9.201 23.097 

Table 3: Simula/(d J,'uculiou Time of Line Drawing (in illS) 

The precise time for the area fill uperat.ion is dependent 011 the ori(,lItatioll of Lilt' lille amI hence 

the size of its bounding rectangle. Tile results in Table 3 reflect the worst case wlwlI tlte line lies 

on the true diagonal and the sii\(' ur t.hl' buulldillg box is at its greatest. The brusli slamping 

function assumes a square brush llIatrix of" dilllension 7 pixels. 

For the purposes of comparison, the top line of results indicates the pcr[ornl<lll<'(' or (.his tech-

nique where no attempt is made to distribute rendering and t.he litH'S are generat.ed ill entirety 

by a single cell store. The differellce Iw(.weell the results in this Cit:;(' ,\lId t.llOse wlwrl' all u(.tempt 

is made to distribute but. only a ,.;illgl" ('cll s(.ore is available llIay 1)(' expressed 11:; [.lie overhead 

incurred during distributioll. Whet'<' dislribulioll is available, it ('all b" :;eell that. a.~ tile lille length 

grows, so the speedup gained by dislribut.ioll illcreases dramatically, up to a ilO% ('('dudioll ill the 

rendering time for a 640 pixel lilll' wlll'lI produced by 4 cell stores. 

6 Conclusions 

The efficient generation of high-quality illlagl's call be greatly ellhalll'('d by hardware support for 

anti-aliasing, but such support. is HOt. usually provided by image cOlllposi(.ioll al'clii(,·('(.ures. This 

paper has introduced the Disiribukd Cell S(.ore System - an ardlit.eciure based UII !.Ill" image 

composition principle, but. which illlpieiliclih a pixel-level t.ranspar('wy functioll ill hardware via 

its Serial Bus System. The provisioll ('or windowing by dYllamic llJa.ppillg or regiolls or disl.ributed 

frame buffers to the display s(' I'Cl'II, !<-II ds i (s<.'1 r to the spccifica Lioll or i IIwgcs by t.ll!'i r ("0111 ponent 

parts - each rendered in parallel IJj all illdepelldellt. processing Ulli!.. The DeS fl'('dback bus can 

be used to route the compo:;it.e illla)!,,' 1)<1('1; to olle of !.Ill' iudepelldellt. ullits ill a. sillgl,· 1'1'<111110 time. 
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Experiments suggest that a suhstalliial illlPl'OVCIlIClll, ill systclll Illruughpll(. call I", obt.ailled by 

employing such hardware ill all ellviwlllllellt. of incremental image sp<'l'ificat.ioll. A ,;p(·ciiir scheme 

for distributed rendering of anLi-uiia,;nl lillt's lias been present.ed, but, ilw basic ilppro;tcli could 

easily be extended to other primitives. 
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