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1. INTRODUCTION 

Hu111an-Co111put,e1· Co111111l111ic'.atio11 deals vvitl1 efficie11t, tr·ar1sfe1· of infor·r11a­
tion bet,weer1 l1u111a11s a11d cor11pt1ter·s a11cl with i11forn1atior1 structur·es t.l1at 
t.ie in witl1 l1u111a11 co11c~eptual abilit,ies. Tl1e l1u111a11 visual systen1 is a 111ost 
powerful i111age cog11itior1 111acl1ir1e tl1at is able to perceive, a11alyze, classify 
and evaluate a great deal of· ir1f'or·111atio11 ir1 real-tir11e. Tl1er·efo1·e, i11ter·act,ive 
cor11pute1· graphic:s c:a11 sig11ifica11tly e11l1a11ce our· ability to u11der·sta11d data, 
to per·c:eive tre11ds, arid to visualize real or ir11agi11a1·y objec:ts. 

Tl1e desigr1 a11d develop111e11t of' co111r11e1·cially available gr·apl1ics syster11s 
l1as pri111arily bee11 d1·ive11 by tl1e avc1ilabilit,y of cost-effec~tiv~e l1a1·dwar·e tecl1- 395 
nology. A 11101·e proper· str·ategy would also tc:1-ke i11to accou11t user 1~equire-
111e11ts: i.e., interaction n1ecl1anisr11s pr·ovided by gr·apl1ics user interfaces 
influe11ce tl1e design of tl1e u11der·lyi11g grclpl1ics systen1 ar·cl1itec~ture. The 
design of a g1~apl1ics syste111 t,hat st,ric:tly adheres t,o tl1is c:011c~ept leads to 
sever·al challe11gi11g 1·esearc'.l1 issues. 

We sl1all briefly describe tl1e basic'.s arid 1"esearc·l1 iss11es of ir1terac:tive co1n­
pute1· grapl1ics. Next we will outli11e t,l1e researcl1 act,ivities carried ot1t at 
CWI. 

2. G RAPHIC)S AND IN1.,ERAC;1"'ION 

A grapl1ics syste111 pr·ovides fac'.ilit,ies to 

• specify ( or 111odel) a sce11e i11 te1·111s of' a set of logical grapl1ic'.al ele111e11ts; 
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• 
llllclgt~; 

• l1a11dle g1·c1pl1ic·c1l i11 pt1t .. 

Tl1e sc:e11e is 111a1)ped 011to t.l1e clis1)lay- c>r~ i111age-SJ)clC't•. Tl1is 1r1clJ)I)i11g ( ,1lsc) 
k11ovv11 clS r·e11cle1·i11g) i11cl uclE1s l>c)t 11 geo 111et.1·ic· ct11cl at t,r·i l) 11 t,(l t.1·c1r1sf'or111at.io11s. 
Tlre 1·est.1lt, cl set, C)f' displcl)' 1)1·i111it,iv(~s ,,:l1ic·l1 clesc:r·il)(~ a11 i111c1gt-., is st,01·ed 
i11 a 1·efresl1 l)ttfl'er·. Tl1e ty1)e c>f' clis1)lfl}r 1)1·i111iti v·es i11 \V l1icl1 t lie i111c1ge is 
clesc'.1·il)ecl clepe11cls 011 t.l1e t,}rJ)e c)f clis1Jlc1y tec·l111olc)gy i11 play (e.g., a set, of 
pixels for· a 1·c1ster display 01· c1. sE~t. of li1·1e cl1·~t\vir1g i11st,1·t1c·tio11s f'o1· cl vector 
disJ)lay). 

A logical rr1odel of tl1e g1·c1pl1ic·s syster11 e11visior1s tl1e 111appi11g of a sc'.er1e 
011to tl1e display space clS cl st.epwise pr·c)c·ess i11 vvl1ic~l1 p1·i111it,ives t,ravel 
t.l1r·ough a I)iJ)eli11{~ of f1111ct.io1·1c1l 1110d 11les ( sE~e fig111·e 1). Tl1is 111oclel dis­
ti11g11ishes sever·al logic:al re1)1·ese11tat.io11 levels of tl-1e sce11e tl1c1t. exist, i11 the 
i111age sy11tl1esis J)i1)eli11e a11d t.l1e ope1·at,io11s cll)l)lic·al)le ()11 t.l1t-.se 1·e1)1·eser1-
t.at,io11s. Eacl1 111o(·l11le of t.l1e J)ipelir1e J)er·t·c)1·111s a11 ele111e11t,ary g1·apl1ic'.al 
ope1·at1io11 01·1 c1ll J)assi11g J)r·i11·1it.ives. Gra1)l1ic·c1l i11J)t1t, 01·igi11at,es fro11·1 dc1,t.a 
t1l1at C'.01r1es i11 via J)l1ysical i11p11t cle,rices. Tl1e ra,v, clevic:e cle1)e11de11t i11-
put data, c:1.1·e c:or1ver·t.ed i11to a set. of inp11t, p1·i111itives. Tl1is c:011ver·sio11 is 
l1c111dled co111plet,ely witl1i11 cl logic'.a} i11p11t 111oclel so tl1ctt all types of pl1:,rs­
ical i11put clevices a11d associc1t.ed user act,io11s c1re er1capst1lat.ecl witl1i11 tl1is 
logical r11odel. 

Ac:t.ions ir1volvecl ir1 ger1erclt1i11g graJ)l1ical feedbc:1.c~k 11po11 user· i11p11t, i11-
c;l tide: 

• har1dlir1g of' t.l1e logic·al i11put dat,c1; 
• l1a11dli11g of· t,l1e i11put p1·i11·1itives; 

• J)ossible 11pdat.es of sor11e applic~at,io11 clc:1.t.a; 
• t1·c1ve1·si11g (l)c:11·t, of) tl1e g1~,11)hics l)ipelir1e~ 
• up elate of t.l1e ref1·esl1 bl1ffe1·. 

Respo11se 011 t1se1~ ir1p11t is a key det.e1·111i11ir1g fac'.tor· of tl1e c1t1ality of tl1e l1se1· 
ir1te1·fac:e. A syst.e1r1 's r·espo11se t,i111e de1Jer1cls 011 several factor·s. Obvious 
fac:tor·s ar·e tl1e a111ou11t of processi11g i11volvecl i11 t.l1e feeclbc1.c:k-loop a11d the 
r·aw perfor111ar1c:e of tlre c:01111)t1ti11g reso11r·c:es. Ot.l1er factor·s a1~e operc1ting 
syste111 related cle1)e11de11c:ies Sl1c:l1 ,1s i11t.er·rl1JJt, l1ar1clli11g, C'.011text switc'.l1ir1g 
a11d the like. 

3. RESEARCH ISSlTES 

Effece:tive i11t.er·active C'.Olllpllt.er gr·apl1ics ap1Jlic:at.io11s 1·e<1uire co11siderable 
co111puti11g 1·esot1rc'.eS t.o g11c1.r·c111t.ee a suffic:ie11tly fc:1..st r·espo11se. 111 t.l1e last 
clecade, we l1ave ,vitr1essed a 1·e111c:1rkable i111prove1r1e11t, c)f c:01111)ut.i11g power 
dt1e to i111p1·oved J)roc:esso1· tec·l111ologies. Tl1is evol11t.io11 c:::111 l)e expec:t,ecl 
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Figure 1. Logica I model of image generation. 

to co11tir1ue. Howeve1·, t,o sat,isfy tl1e 11eed for· higl1er ir11age q11ality, scene 
co111plexity a11d i11t,eractivity, experts i11 t,l1e field esti111ate tl1at four to five 
orders of 111agr1itude 111ore f)r·ocessi11g l)Ovver tl1a11 availal)le ir1 p1·ese11t day 
processor·s is 11ecessa1·y. Sucl1 a gap C'.ar1 011ly be br·idged by 111aki11g use of 
highly parallel 111ultip1·oc'.essor systen1s. 

Tl1e i11l1ere11t nature of gra1)l1ics algoritl11ns 111akes tl1at they are well suited 
, 

t,o be in1ple111ented on 11111ltip1·ocesso1· sy·ste111s. I11 increasi11g levels of co111-
plexity, the co111puti11g tasks can be 01·ganized based 011 pixels, vertices, 
polygons, patcl1es, objects 01· f1·a111es. Fu1·tl1e1·11101·e, the i111age ge11eratio11 
pipeline co11sists of a 11l1111l)er of clearly separable tasks. As a rest1lt grapl1-
ics algoritl1111s ca1-1 1)e 111apJ)ecl 011to 11u111erous n1ultiprocessor configu1·atio11 
alte1·11atives. 

J\1any solutio11s l1ave bee11 proposed t,o distribute the work involved in 
fast ge11eratio11 of high qualit,y i111ages across 111ultiproc:essor systems [l]. 
Tl1e i1-11age ger1eratio11 p1·ocess itself is a l)ipeline of seve1·al sequential pro­
cesses w l1icl1 automatically st1ggests fu11ctio11al subdivision ( see figure 2 on 
tl1e left). Subdivisio11 of t,l1e i111<1ge ge11e1·at1io11 pipeli11e in smaller tasks can 
be do11e up t,o a lir11ited 11t1n1r)e1· of steps only, so that t,he n1axin1un1 degree of 
r11ultip1·ocessi11g by 1nea11s of pipeli11i11g 011ly is li111ited. Also data depe11dent 
operations 111ake it l1ard to bala11ce tl1e load for a purely pipelined archi­
tectur·e. I111age-space pa1·tit;io11ing, i.e., s11bdivision of the in1age in small 
parts tl1at ar·e l1andled by separate su bsyst;en1s (see figure 2 in t.he n1iddle), 
irr1plies that all pri111itives ha\re to be processed by all p1·ocessors (i.e., the 
system is object-serial). He11c:e the t,l1rot1ghput is li111ited by the pr·ocessor 
speed. Object-space part,itio11ing, i.e., each o•bject is handled by one of the 
processors of the syste111 ( see figur·e 2 011 the right), results in multiple pixel 
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Figure 2. Subdivision strategies. 

st1·ear11s t,l1at l1ave to be co111bi11e(l (i.e., the syst,e111 is pixel-serial). A sin1ple 
sol11tio11 in1plies sy11ch1·011ization wl1icl1 r·ecl11ces efficie11cy. A11 asyr1c:hro11ous 
solutio11 r·ec1uires ext,ra 111ei11ory a11d co111posit,io11 l1a1·dwar·e. Practical solu­
tions i11 bot,11 cor11n1ercial a11d acade111ic svst.e111s are ofte11 111ixt.t1res of sever·al 

V 

of tl1ese tl1ree 'pur·e, subdivision str·ategies. 
Present,ly tl1e1·e exist two 111ai11strean1 approacl1es t,o 111ake r·aster g1·apl1ics 

svste111s 1·1101·e viable for· i11t.e1·action: .., 

• Pe1·form eacl1 step i11volved i11 t,l1e graphical feedback loop as quickly as 
possible by p11sl1ing the ha1·dwc1.1·e li111its to tl1e 111axi11111111, viz., rt1nning 
111any processors per· giv·er1 task i11 t,he i111age sy11til1esis pipeli11e. 

• Restr·11ct,t1re the f'unctio11al 111odel t.o r·ed uce tl1e effo1·t, 11eeded to cor11-
plete tl1e gr·aphical feedback loop, viz., looki11g at, irnage sy11thesis fr·om 
a fresher perspective. 

A co1nn1011 cl1a1·acte1·ist,ic of tl1e first, approacl1 is to ide11tify and isolate 
a simple (st1bset, of) ope1·at.io11(s) and n1a1) it,~ f1·eque11t1ly i11 et co11ceptually 
sirn plistic 111a1111er, to har·d war·e. 

The secor1d approach is 110 differe11t fro111 the first, 011e i11 ter111s of its goal, 
i.e., p1·odl1ce a respo11sive raster grapl1ics systerr1. Yet, t,he n1ethodology is 



c1 lli t e clifi'c~1·e11t,. I 11 t l1is c· ast· ~ <) Ill" clllcl.l )'Zt's i 11t.e1·<1.c·t. it:> 11 t. c1.sks clll(l t.11 e1·1 t, 1·ies t <:> 

cl eve lo J) C)1· igi11:-1.l clc1.t a. st 1·11 ("'t t11·c\s <l 11c l cl<' \'is(• 11t·\\T r11·c·l 1i t.E1<·t. 1_11·,_11 <)1·gc111iz clt.io11s 
\\rl1ic:l1 gl1c11·c111t,ee t,ll<l.t £01· ctll i11t.(~1·,1<·t ic>1·1 tclsks 1·t'l)1•<)sc~11tc1..tic)11s of· tl1e l)l'OJ)E~r· 
level c11·c~ clt. l1a.11cl. 011ly tl1c1 11 C)llf:' 111cll)S t)XI)E:)clit•11t. t.(1.sks i11t.c) l1c11·clw,11·e c:tS 

111 t1c:l1 clS tl1is is j t1s t. ifiE~cl. 

4. RESE1-\ R(~H ,.\'I' C~\,VI 
The ('.Ollll)llt.atio11al COlllI)lexit.)r ('Ollllllllllity l1as 1011g clgo ('Ollle t,() kil()\,V tl1at 
t.l1e lc1.\t\1S of pc1.1·c1llel c;c)1111J11tc1.tio11 c11·E~ <:111alit,c1tively cliffe1·e11t £1·0111 t,llctt, of 
the seq11e11t,ial c:0111p11t,c1.tio11~ ctlgorit.l1111s clo 11ot always s111ootl1ly t,1·ar1slk1te 
f'1·0111 t111ip1·oc'.essor· t,o 111t1lti1J1·oc·esso1· a1·c'.l1it,ect11res. \\Te believe t,hat vv¥it.l1ot1t, 
cla.rif.rTi11g t,l1e algoritl1111ic'. i111prov{~111e11ts, lJ1·t1te-f'o1·c·e 111,1JJpi11gs of existi11g 
g1·apl1ical algoritl11r1s i11to l1c-11·c_l\.vci1·e ,vill ir1t1·ocll.1ce cJ11ly te1111)(11·c:1r·y spt.~ed-t1ps 
a11cl tl1ese i111pr·ove111e11t.s will lJe 11t1llifit-:-cl i11 t,i111e by' g1·owi11g t1se1· cle111a11cls. 
Tl1e 1·eal solt1ticJ11 t.o t,l1e l1c1.1·ci pr·ol:)ler11s C)f co111pt1t,er g1·apl1ics vvill co111e, i11 
ot1r· view, f1·0111 et di1·ec:t.ic)11 \V l1ic·l1 C'.011sicle1·s t.he ir1t.1·i11sic cliffict1l ty of l1se1· 
dr·ive11 pr·olJlE~111s f1·0111 et c:0111 J)11t,at.icJ11al st1a11dJ)C)i11t.. Tl1e1~efore, 1·esearcl1 at 
C~\VI c-1cll1er·ecl to tl1e al)ove 111e11t.io11ed sec:011d approac·l1: first exa111i11e tl1e 
st1·uctur·e of· t,he i1r1age syr1tl1esis pipeli11e i11 relat,io11 witl1 ir1te1·actio11 r·e­
qui1·e111er1ts, a11cl 011ly tl1er1 tr·y to p11sl1 t,l1e l1c1.1·clwc1.re lir11its to tl1e n1axi111u111 
where t1his is 11eeded [4]. 

\Ve observed t,l1at in a11 i11t.e1·active co111p11te1· graphic·s applic·atior1 a user 
ir1teracts ,vitl1 a t.l1ree-di111e11sio11al 111odel ( 01· object) at, sever·al levels of' 
abstr·actio11. For a11 effic·ie11t st1ppo1·t of i11ter·active eclit,ir1g arid i11c~rerr1er1t,al 
updates a rast,er· i11depe11de11t 1·ep1·ese11tcit.io11 of tl1e tl1ree-di111e11sio11al 111odel 
sl1011ld l)e i111111ediat,elv available at. eac'.11 of tl1ese levels. Tl1is fo1·111s tl1e l)asis ., 
of c1 lea11, yet flexible, c:0111p11t1atio11 r11odel. · 

As a C'.or1sec111e11ce of' tl1is 1·ast.er i11depe11de11t objec:t-space paradig111, t,he 
1·esea1·cl1 at, C\VI l1as f'ot·ussed 011 explicit ider1tific:atio11 of all visible surfaces, 
shaclir1g 111ethods, raste1·izc1.tio11 l1ardw,11·e arid adapt,ive 1·e11de1·i11g. 

4 .1. Visible s1.lrj'ac:es 
A ft111dc1,111e11tal st,e1) in ger1erat,i11g i111ages of 3D scenes is clippi11g and l1idde11 
surf'ace rer11oval: tl1e res11lt,i11g i111age exists of (par·t,s of') su1·f·ac:es that are 
visible fro111 a certai11 posit,iorr i11 spc1.ce. Several types of algoritl11ns exist 
to tackle this classic:al co1r1pt1ter· gr·aphics proble111 [3]. In 1,11ost graphics 
systen1s l1idden surfac:e 1·er11oval is st1ppo1~ted l)y l1a1·dwa1~e tl1at checks the 
visibility 011 pixel level ( t,l1e so-called z-l)11fl'er· ctlgor·i tl1111). llowever, 011e of 
tl1e levels of abstrc1ctio11 wit.11 wl1ic~l1 t,l1e t1ser i11te1·ac:ts 111ost fr·eqt1er1tly is t.he 
level wl1icl1 cor1tai11s 011ly all visible st11·fc1ces. S11cl1 a level is not c1vailable in 
a pixel-based z-l)uffer· arcl1it,ect1ure. 

Explicit ic:ler1tific~at.ior1 of all visible s111·faces i111plies that, tl1e visibility cal­
culation takes place i11 object,-space. I11t,e1·active applications ir1volve inc~re-
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111e11t.al pict.ur·e cl1a11ges. Tl1e 1·esea1·c·l1 ct,t (;\\1I 1·E1s1"1lt,E.:lcl i11 cl. l1iclde11 st11·f·c1c•c.-. 
r·e111c)val algor·itl1111 vvl1ic·l1 i11(·lt1cles cl st:.t of· lc)gic·<1.l c)J)t-=-1·ctt.io11s (J11 3D ol)j(>:c:·t.s. 
Tl1ese ope1~at.io1·1s C'.a11 be t1seci to aclcl a11cl d(.:llet.e i11cli vicl 11t1l C) 1) jec~t.s St) t.llclt i11-
c·1·e111e11tal C'.l1ar1ges affec·t. 011ly tl1ose o 1.) j (.:lc•ts of· \\Y l1ic:l1 tl1E:· \risi l)ili t)· is c·l1c1.11gecl. 
Tl1t1s a fi1·111 basis for· i11t.e1·ac·t.io11 ar1cl ,l11i111atio11 is est.,ll)lisl1c~cl. Ot11· algo­
r·itl1111 or)er·ates 011 a prc)-St)r·t.ed 1·e1)1"(\se11t.c:1tio11 of ol)jec·t.s c1.11c·l cl ge<)111et.1·y­
l)asecl dcit,c1. st1·11c·t.u1~e t.o st.or·e t.l1ese o b jec·t.s. Tl1is specific· I'E)I)1·ese11t.atio11 of 
o l) jects 1·ed 11ces t.l1e co1111)lE:·xi t:y· of r)ot.11 t.l1e l1icldc~11 s111·fac~e 1·e1110,ral a11ci tl1e 
scar1-co11\re1·sio11 process. Tl1e data st1·u<_·t111·e rt:~cll1ces tl1e s<:~arc'.11 sp,1(·:e for 
geo111et,ry-based olJject ide11tificat.io11 a11cl fc1cilitates dat,c1. dist1·ibut.io11 for a 
111ultip1·ocessor i111ple111e11tatior1. 
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Figure 3. Vectors involved in Phong's 

illumination model. 

4. 2. Shad·i1ig ,,11,ethodt, 
By looki11g a1·ou11cl t1s i11 tl1e r·eal world 
\Ve ol)ser·ve tl1e 1·est1lt of 1·atl1e1· co111pli­
ca.t.ed pl1ysic:s: tl1e i11t.e1·ac_'.tio11 of 1)l10-
tor1s witl1 t.l1e i11l101r1oge11eol1s e11t,ities 
t.l1at r11ake ll p tl1e pl1ysic'.al e11viro11111e11t. 
Tl1is r·eality is far· too cor111)licated to 
si111l1late ac:c:t1r·ately. Tl1e1·ef'o1~e co1n­
pt1ter ge11e1·ated ir11ages ar·e p1·oduced 
usi11g a si1111)lifiecl illun1ination 111odel 
tl1at. descr·ibes tl1e inte1·ac:tio11 bet,veen 
ligl1t a11d tl1e ele111er1t,s of the si11111lated 
3D e11vir·on111e11t .. 

Tv1ost. popular shading 111etl1ods ar·e based 011 tl1e illt1rr1i11atior1 111odel de­
veloped by B. T. Pl1or1g [2] tl1at l1as t.l1e potent.ial t.o 1)1·od11ce 1~er11a1·kably 
realistic result.s, in SJ)ite of its si111plicity. Tl1e model ir1cor·rJ01·ates c1111bie11t, 
diffuse and specular cor11po11ents. Tl1e i11te11sity vector I is calculated usi11g 
the expressio11 

I == Ia111lJ + 
SC)llrces 

In tl1is exp1~essio11. Ia1111) represents the a111ot1r1t of energy of the i11di1·ect light 
cast upon the surface a1·ea by t,l1e e11viro11111ent, I1iglit. is tl1e intensity of tl1e 
light sour·ce, N is the surface nor111al, L is tl1e di1~ectio11 of t.l1e ligl1t source, 
E is the direct,ion of the viewpoint,, R is t.l1e dir·ectio11 of reflectio1·1 and r1, is 
a coefficient wl1ich relates to tl1e 1·eflec:tivity of tl1e sur·face. Tl1e vectors N, 
L, E a11d R are nor1nalized ( see figl11·e 3). 

Tl1e Phong sl1ading n1etl1od, knowr1 si11ce 1975, based 011 this illun1inatio11 
n1odel involves calculatior1 of the inte11si ty across polygo11s ( a grapl1ics ar·ea 
pri111itive) based on inter1Jolated vectors on a per-1)ixel basis. Due to tl1e 
costs ir1volved ( which includes re11or111alizatio11 of i11t,erpolated vec~to1·s a11d 
calculation of the above expression for· eac:h i11dividual pixel), tl1is metl1od 



Figure 4. Examples of the most advanced shading methods presently used in interactive 

corn puter graphics. 

is 11ot st1itie<:l f'c)1· l1igl1 s1)<?ecl 1·ast.E~1·izc1.t,ic)11. \Ve clc\vt:ilo1)ecl cl si111ilc:11· sl1c:1cl­
i11g 111et. l1ocl i11 \\r 11 i C'.ll i 11 t.e1·1)olc1.t.i<)ll <> f' ,·ec:·t,01·s i11 vol v'ecl i11 tillE\ c·c1lc:11l,1t, ic)11 is 
i11t,e1·1)1'<:\tc;cl ctS 1·ot·c:1.t,io11s. S1)l1c'\1·ic·al t.1·igc)110111<::•t,1·}r tl1e11 lE'c:lcls t.C) cl li11cc11· ex­
!)1·essic)11 c>f. t,l1E~ c111gle 1Jet,\\'Cjc~11 t.l1c, \rE~c:to1·s c1lo1·1g <:t sc·c1.11li11E·. Tl1t\ ot1t.c:0111e is et 

l) 211· ,:t111c?t.e1·izc~cl 1)ic1 c:e\,rise c111ctcl1· ,1t ic:· (-:'Xl)r·essic> 11 f'c)r· e,1;c:l1 i11t.t::)11si ty· t c~r·111. Tl1ese 

t.e1·111s <·arr l)e l1c1.1·1cllc;d cl ir·t~c·t.lyr l)}r f'o1·,,rc:1,1·cl c:liff'e1·c111c·i11g. Tl·1(:\ i111c1gc-- c111c:1li t,)' 
ol)tc1i11c1 cl is vi1·t.11a,ll}r t.l1E~ Scllll(l, c:lS tl1E1- c1t121.lit,y' of· }'111c)11g sl1ctclt:'(·l i111i:1gc:s. 

4 . :Y. R ci. ~s t f: '7 ·,i z c1, t ,; c> 'Jl, Ii, Cl,,, ·cl 'tlJ ci. ·1 ·c: 
A clis1)lcl),r c·c)1·1t1·c)lle1· l1a11clles t.l1E~ 1·clf·1·esl1 I)l'()COc·ss c)f. ,:t g1·,t1)l1ic·s clis1)lc1.y cl<::·vic'.c>.. 
\V <=' clc~ve lc)l) E:~c:l et clis1,) lc1y c·c)11 t,1·c)l lc~1· \\' l1ic·l1 1•(:. clcls 'ctl'(-:'<1 cl1·c1.\\Ti11g i11st, 1·11c'.t. ic)11s' 

ct11cl wl1ic·'.l1 i11 1·E.•a.l-ti111e l)l'C)cl11c·f"'S sc·c1,11li11c' l),1.sc:cl \riclc~c) sig11ctls to c:011t,1·ol t.11e 

f~l('.C·'.t.1·c)11 l)C~ct111 v\'l1ic·l1 sc·ct11s tl1(~ clis1)lc1y c11·c'cl .. Tl1c~ I)clt.11 C)f' tl1E: elc~c'.t,1·011 l)ec:1111 
l)l'E'.SC'.t·i l) c\s t,l1c, C)1·g,::t11izcl.t i < )11 c)f. t lie· sc·c111-c·c> 11\re1·sio11 l)I'<)c·c~ss ( sec: fig111·c: 5). 
rr11 () \r(:1·tic·c1-l 1) l1ctS(:' () t· t. ltc' S('clll-C'.O 11 V(~1·si()ll I)I'() ('.eSS i11 vol \'('.S C'ctlc·1_1lat.ic·)1l ()f t, 11(2.' 
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i11ter·sec·tio11 of ol)jects ,vitl1 <1 l101·iz<)11t.;:1,l sc·a1·1Ii11e ct11cl <let,e1·111i11cttio1·1 of' tl1e 
c·olc)llr· f1111c'.t.io11 cLlo11g t.ltctt. sc·,111li11<l. 1'11E~ c1c·t,t1ctl rc1.st.t~r·iza.ti<)ll tctkes l)lc1..c·(~ 
i11 t.l1e l1or·izo11t,c1l 1)11,tst::- <)f' t;l1<:"" sc·,l11-c·<)11,1e1·sic)11 l)I'<Jc•E:iss. As cl 1·est1lt. c)f' C)t11· 
1·E~sea1·c~l1 C)Il illt1111ir1c1t.io11 111c·)e.lt'ls, t.l1is c·a.11 l)<:l 1·E·cll1c•{\cl t.c) r·(~l}tt.ivt~lj,7 si1111)lc-­
<)I)CI'c:\t.io 11s 1·e1)e,1.t,E~cl 11t1111E\1·c)t1s t. i111c1 s. F"c)1· t c:tsks likcl t. l1is we C)J)tt·cl for et 
c~t1sto111 clesigr1ecl l1igl1 SJ)C\E~cl 36-l)i t t·c.)r\Vctr·cl cliff't·1·E1 11c·i11g (l11gi11c1

, i111 l)le111e11t,(~cl 
as cl. l1igl1ly IJi1)eli11ecl S)rst.c)lic· ,11·1·ay. 

Figure 5. Scanpath of raster display device. 

A WC)I'ki11g l)l'()tot.yr)e syst.er11 
( fig111·E~ 6) 11,ls l)E~e11 l)t1il t, t,o J)ro­
vicle fl11·t,l1e1· i11sigl1t, i11t,o tl1E~ OJ)er­
ctt.io11 c:)f t,l1e t<~c·l111ologic·ally cl1c1l­
le11gi11g l)ar·t, c)f' t. l1e syst1e111: t,l1e 
c·t1st,c)111 VLSI Diffe1·E;11c·e E11gi11e. 
Tl1is l)l't)t,c)t,y·1)e l)l'C)cl 11c··es I)ic~tt1res 
011 et (~RT clisJ)lcty' clir·ec·t,ly fro111 
i11st,1·11e.·t.ic)11s ,t11cl \\rit,l1c)t1t 1)1,1fl'e1-­
i11g i111c:1ges i11 cl f'1·c1111e 1)11ff e1·. 

Tl1e Diff·<~re11c~e E11gi11e, \\r l1ic.·l1 Wets clevt'lo1)ecl clS c1 VE~r·y specializecl pixel 
ger1erato1· is really very ge11e1·c1.l; it, C'.c11·1 l1a11dle a11y or·der· f'c)1·wc:1rci diff(~1·e11c'.es 
wit,11 36-l)it 11ur11er·ic·al c:1c:c.~u1·c-1cy c::1,11cl a11 l 111s C'.yc:le ti111c,~. Tl1e spli11e i11t,er­
polat.io11 goes wit,l1 c:011st,a11t, c:ost, i11cle1)e11cie11t of' SI)cLil ler1gtl1. Si11c:e t,l1e 
Differ·ence Er1gi11e c:a11 i11terpolate a11y spli11e (1)oly11orr1ic1l) C.'.llrve, a11y sig11c1l 
tl1at is exp1·essed ir1 t,e1-111s of cl SJ)li11e l)clsis c~ar1 be rec:01·1st1·ucted. Not 011ly 
tl1at,. tl1e c1r·c'.l1it1ec:t,ur·e wit.Ii it,s ac··c·l1111l1lc:ttor allows 011e tc) su111 over ir1cre-, 

111e11tc1lly ge1·1e1·at,ecl C)lltJ)llt, so tl1at t,l1e s1)li11es c:c111 l)e st11r1111ed over· difl'e1·e11t 
sc~ales t,o {)rocl llC"'.e t,l1e fi11c1l i111agc~ t,c) a11y 1·ec111i1·ed clC'.C:t11,acy'. 1'l1e r·eco11str·11c:­
tior1 tirr1e depe11cls 11ot, 011 tl1e SJJ,1c:ir1g of· t.l1e k11ots i11 t,l1e splir1es ( tl1e le11gtl1s 
of t,l1e i11t,er·1)olatio11 spa11s) l)t1t 011ly 011 til1e 11u1·11lJer of' krrot,s. A11 ir11c:1.ge car1 
be dec:or11pressed everr ,1,t video r·ates pr·ovided tl1c:1t tl1e 1111111be1· of kr1ots is 
less t,l1c1.n t,l1e r1ur11l)e1· of J)ixels to l)e ge11er·ated (l)y s0111e fixed ove1·l1eacl per 
sc:a11li11e). 

This l1as oper1ed tl1e \Va)' f'or· t1si11g t,l1is l1c1r·dwar·e also t,o reco11struc~t in1-
ages tl1c1t l1ave beer1 cocl<:~cl \Vitl1 cl wavelet t,r·c:111sf·o1·1r1 [5]. The wavelet tra11s­
for111 is a 111ult,i1·esol 11tio11 clesc:1·i1)t,io11 of t,l1e i111age tl1at C'.a11 be decoded to 
yielcl r11ore a11cl 1·1101·e acc:111·at,e r·ec'.011st,r11ctio11s of a11 i111<1ge. Tl1e tra11sfor·n1 
also prec:isely locat,t~s l1igl1-fr·ec111e11c·}' fec1t.11r·es i11 SI)ctc~e c:1.ncl low-freq11e11c:y 
sig11als i11 tl1e f1~ec1t1e11c:y dc)n1air1. 11·1 f',1,c'.t, it. is ofte11 a1·gt1ecl t.l1at, wavelet, 
t,rar1sfor·111s J)erfor111 bet t,e1· t,l1an t,l1e disc'.ret,e C'.osi11e t.ra11sforr11 aclvoc~c1.ted by 
t.l1e JPEG st.a11dar·cl, it, fit.s i11 bet.ter ,vit,11 l1t1111c:1.11 1)e1·ce1)tual aptit,11des arid 
is a r11ore c:on11)c:tc:t, c~ocli11g. 
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Figure 6. Difference Engine embedded in prototype. 

4-4. Adapt,i,ve r·eride'r"iri.q 
Ge11e1·ati11g a pl1:yrsically perf'ect ir11age \\'011ld l)y far· exc:eed tl1e p1·oc:essing 
power· of ar1y stc:1te of tl1e ar·t. supe1,co111p11ter. D11e t,o tl1is, a whole SC'.ale of 
renderi11g 1r1odels e111ergecl, eac:11 witl1 a cliffer·e11t. level of· app1·oxir11ation of 
the 'pl1ysical correct' ir11age. Based 011 requir·e111e11ts of' a spec:ific applica­
tion, 011e of these re11deri11g 111odels c:ar1 be selec'.t,ed. If t,l1e syste111 is tuned 
for worst case sit11ations tl1e efficie1·1c:y will be f'ar· f1·0111 opti111al. On tl1e 
other l1a11cl if tl1e systerr1 is opt,in1ized fo1· 'r101·111al' situc1tions its worst case 
behaviour 111ay be u11ac:cept.::-1ble. 

Adapt,ive i111age ge11erat,io11 is a 1nea11s t,o cl.cl.just t,l1e i111age ger1erati11g 
process to tl1e possibilities of a pa1~ticula1· 1110111e11t. The q11alit,y of tl1e i111age, 
a11d thus the c:ost of 1·e11dering, is 1·elat,ed to tl1e tir11e available betvvee11 
st1ccessive tipdates. Ideally, t,l1is results ir1 t.l1e best, possible i111age at a11y 
tirne. There are two distir1ct aspects tl1at, det,errr1ine tl·1e cost of tl1e i111age 
ge11eratio11 process: t.he quality of t,l1e re11dering process, a11d tl1e qualit,y of 
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t,l1e o l) je(~t 1·ep1·esentat.io11. Tl1ese c·ar1 l)<.• \Tctriecl ct<~C'.C)1·cli11g t,(J t,l1E: 11e<:~cl. 
For· a st,l1dy 011 aclaptive 1·e11cle1·i11g \Vt· i1111>le111(:111t,{~cl a11 e11viro11111er1t, t,o t,est, 

a l'llle-l)ased syste111 ( AD l\!IIRE). rrl1is 1·11le-l)clS(~(l syst,e111 ser·ves t,() 01Jti111ize 
tl1e pe1·fo1·111a11c~e of inter·ac~tive g1·ctIJl1ic:s ctJ)J)lic:atic)11s lJy cly11a111ic:all,}r selec:.t­
i11g re11deri11g c1.lgo1·i t.l11ns, dat.a st,1·11ct, 111·t\s c111cl l<:~ve I of' cletail c>11 a JJer-o l:> j ec:t, 
l:)asis. 

5. CONC;LUSION 

A tl101·ot1gl1 1·et.l1ink of ir1terac·t,ive grapl1ic·al \vor·kst.ations f'ror11 a user poi11t, 
of view l1as u11cover·ecl a 1·ar1ge of 11ovel appr·oac:l1es to syste1r1 a1·cl1itectures. 
CWI has built an i11tegrateci set of· solutio11s based 011 tl1ese i11sight,s that 
spa11 cor1c~e1)t,t1al, soft.ware a11cl l1a1·dware solutio11s. I11te1·esti11g spi11-offs i11 
in1age co111pression are also beir1g exploited. 
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