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High-end b>rJphics workStations provide us with the ability 10 inu:ractively display polygonal models of high 
geometric complexity. It is our hope that future graphics workstations will also provide us with shading models 
that go beyond Gouraud shading of polygons. This paper describes perfonnance improvementS that result from 
~1oring a polygon's shading parameters at c:~ch pillet and deferring the shading calculations until all the pol)·gons 
have been processed. One benefit of this appro:tch is that !he shading calculations are only performed on the pans of 
a surface that are visible, which rne:ms that Lhis method becomes more atll'3ctive as ~hading models become more 
complex and a.~ the depth complexity or the scene increases. We also show how this technique maps onto different 
parallel architectur~s for high pcrform:1ncc rendering. In particul:tr, we describe how this method can be used to 
produce real-time images that incorporate Phong shading and procedur.tl texture mapping on Pixei·Pbncs 5. Pixel· 
Planes 5 is a massively parallel SlMD machine !hat is under construction at UNC. Since the processing elcmenlS of 
Pixel-Planes are fully programmable, new shading models can be incorporated in the system without any hardwa.re 
modifications. 

lntroduclion 

Both !he complexity of geometric models and the surface propcrucs of objects contribute 10 lhc visu•tl richness 
of computer gencrnu:cl scenes. Polygons arc the most commonly used geometric elemeniS for grapbical models nnd 
much effort has been directed toward< building hardware to rapidly display large collections of polygons (Fuchs 85) 
[Akeley 88) (Apgar 8811Pouncsil 89]. llowever. most of the hardware architectures developed so far are unable 10 

generate images with complex shading models in real-time. 

This paper describes an approach to h•gh-quality rendering that we call lkferred shading. While this approach is 
nm new, we would like to explore its application to the design or real-time graphics systems. To illustrate this 
technique, we describe how we have used litis approacb to improve lite perfonnaocc of Pixel-planes 5 [Fuchs 89]. 

Deferred shading involves two ~1cps: rasterization and shading. For our purposes ra.~terization includes scan· 
conversion, visibility delennination, and the loading of geomelric infonnation. such as surface normals, into each 
visible pil<el. Storing this information requires additional memory per pixel. This may ~m impractical al fi~t but 
currently available groph1cs systems already have as many as 96 bitS per pixel !Akeley 89] (A recently announced 
machine has >200 bitS per pixel but full dcL~ils are currently unavailable). Once rastcrization is complete, the 
information stored at each pixel is used tO compute the pixel's color based oo the shading model. We believe t11is 
u:chnique can be used effectively on any graphics system with lite following characteristics: 

Deep fr:une buffer >100 bitS per pixel 
High bandwidth into the fr.lmC buffer 
Pixel-level parallelism 

Related Work 

Deferred shading is not new 10 rendering software. In a scan-line polygon renderer [Watkins 70lthe ncarc.~t 



surface at a given p•xel 1S found and !hen on I)· l11c >ludmglor that trom-mos1 surface IS computed a1 I he pixel. Olhcr 
examples of deferred shading include Andrew Gl:l~ncr', L:uc-Bmding Renderer !Gi3ssncr 881 and Ken Perhn's PIXel 
Stream Editor [Perlin 85). in wh1ch ml'orm:uion :•boul >Urf:>cCs ~uch as ' urfacc I D. depth and a normal vC(;tOr arc 
saved for the Cllllrc unagc. The only communicauon between rondercr and sh:>dcr is the image descriptilln th:u 
iucluclcs this surface information for each pixel. 

Deferred shading was part or the tn:mglc proccs_,;or '>""ern proposed by Deering ct. aL [Deering 881. In tlus 
:uchitecture polygon msterization JS performed by passing 3 sucam of J>lxels through a p1pehne ol tnanglc processor 
chips !hat perform depth comparisons and 'C:IIUiing outlh~ clo-;cst surface at e;Jth piXel. The system defe"' shadmg 
calculation until after .can convers•on by pas~mg the depth. a 'urf:.cc normal and color dcscnption for each pixel tO :t 
collection of chips ~ailed the i'lormJI Vector Sh:.dcrs. The Nonmll Vct.wr Shader~ compute tllc full Phong lighung 
model bas~.d on the ~urracc normal und "olor. Unfortunatoly, the 1'\ormal Vector Shadcrs were to be hanJwltcd for:. 
specific lightmg model and would have hecn un:1blc to t<tkc lull :11h·~mag~ M some of the deferred shading concept' 
nnd algori thms that we present in this p:~p.:r. 

Ad,antages of Deferred Shadin~ 

An ob,·ious benefit of deferred shadtng i~ that only ~")") p!Xds tliJt are visible In the iinal image arc shaded. 
Computing the Gourautl shading model is") fast thm current waphics workstntkms cun :l f'ford to shade ull the ptXcb 
in a polygon even if many of the pL,cls w1ll l :~ t <'f be olhturcd. However, as scene depth complexity increJses anti :ls 
shading models become more complex, thh b-:,omes u suhst:llltiul :unount ol' wasted effort. 

For certain cla~es of Jl:lr~llcl hanlw;ltC. del~rr~ ,h;uhng cnJO)~ a ~cood bcnelit. For many scenes the ~hadm~ 
computauon will be lhc .:1mc at cach pJ.\el. \\'c <::tlllhc Jcgrcc til .. Juch this is liU~ the shodmg col:uencc of the 
scene. For example. a scene tn wh1ch all of the surf:lce, :II\! sh:t<kd using lhe Phong lighting model would exhibit 
high shading coherence. Pnralkl maclunc.< :>ducvc htgh utdii.JitOII when performing a larg~ number of Sllllllar 
comput.:Jtions. This means that :)t:Cnc:s wtth hrgh shadu1_g colh.:rcnc.·c cun utilii'.C massive parallelism at Lhc pixel level 
even if the gcometflc opcrmions rcqui ll)d f'or r<J>tcrintion arc moru di l ficult to parallel it.c. 

An addiuonnl udvantagc of this method h.tscmergcd :b we developed the actual soh"urc for the Pixel-planes 5 
machine. The :>cparouon of gcumctrj.c c.:ompm:1Uun lmm ,h;J<Itn!: (~lcubtion mean" thtu we can implement OC\\ 
geometric pnmtli\•Cs wi1hou1 h~wing 10 v..rnc nt.:\\ shadln,g ~·ode. II we ;ue able to lo:ld the ;.:orTC<:t surface ~eomctr) 
infOrmation into the !'UXCh, lhcn all Ol th~ '\h:ttkr..; \\~ ha~C '.llflUL'fl fOr polygons, \l.dl WOrk for Other £,1!0ill¢lnC 
pnrnilivcs ~uch as ~Ul'f::u.:cs :snd .sphi.'C\!\ 

Arch iteclural Cnn s idrrat i on~ 

We believe thm :ts scene coulple"ll"> •ncrc:~;;c 311<1 lugltcr qualny shading models arc used, deferred sh:tding w1ll 
become more popular for real-wno nnaGC syntheSis. Our goal tS to destgn syStems which achieve 30Hz or gre;~tcr 
update rates with :~<lvanccd lighung models :tnd texture map,_ In this section "e diScuss ways this might be achic,cd 
using different organizauons or processors for 'hading c.:cmpulalions. 

The shading comput~uion for a pixel could he done by a pipclmc of processors. l:ach processor would complete 
on step <Jf the shading comput:Hion for c:tch pixel. Unfmtoun:ucl~. u very deep pipclin~ would be r.:quired to perform 
c:ompliC3lcd shading models on a> 1M pa.ot.d frame buiT~r .._,l C\.:l't\:"h r.ac.cs Such .1 pipeline \\ovulllt.Jt: lliffit;ull«J (.lcslgn 
and even harder to program for a vanety ol ,h.tding algonthn" This is important SIOCC htghly realisue sh3ding 
algorithms can be tmplcmcnted wllh m:tn) different \"<lriatllm' Couk 8-ll. 

A ~IMD arr:l)' OJ processors where c:ti,;ll pnx:cssor .... h~1dc:. a fH~~I at :.t time \\OU1d allow for gremcr para.JJCh\m, 
We could conti nu1: 10 add more pro't~\)f~ until we had c11on~h ~ct thc shading r:ttl'> we needed. 'llli~ opuon would 
:tl$0 allow for ~lsicr programming of new shad ing algorithms. A Mil'viD archi tecture cou ld :tchieve good pcrfonnancc 
even for scenes w11h lmlc or no shading cohcr,·n::c. l lowcvcr, "" b~lievc thm the \h:tding coherence in most scenes 
will make the cost of muluplo control units lnr the MIMD pro.;c"urs an unn<:ecssary c•pen,c. 



A SlMD procc:..~or array could be used to c'plootlugh shading coherence at a low~r cost than a :-.UMO nrr:oy. 
This JS the archotccturc that has been used " ' both the Po:wl-pl:uocs ~ and Pixel-planes 5 designs, The SloviD 
processor arrays can shade 256K pixel> suuul~tncously. Smt'c l'.xd-pbncs 5 employs sovt•ral SlMD renderers. i t c:m 
be considered a hybrid M lMD-SI1'-Il> ar~h i t<wuc. This cnal> l~' 11 w rnorc cffidcntly handle images wtlh lower 
shading cohc~"~:ncc. 

Algorithms 

We have been developing deferred >hJthng algori~uns lor 1hc I>~Xcl-Pbnes 5 grnph1cs ,Jrthuccmrc . Poxd-PI:U>cs 
5 1$ a hell:rogcneous mul!iproccssor !Fuchs St)J: A tully Ct)nfigurcd >)'Stclll COIIllliiiS :0 MlMD SCI of 16 f:lsl no:~ung 
point engines c:lllcd graphics pror:rssor s for pcrformong gcouLctnc tr:~nsfonnauons nnd hlls 16 SIMD array< called 
r enderers for perform ing polygon raslcri<;tuon. E:och r~ntkrcr 1s :o ,;quare arr~y of 128x 128 processing clement.< 
called pixel processors. and each of thc'c p.xcl procc"ors i< a 1-bot ALU that non~ aL-10.\Ilhz and has 208 bits of 
memory. On P1xcl- Pl;111cs 5. deferred shad Ill!; r.;.Juccs th..: w•npuuu<•~>l burden on lhc graphics processor> and lull~ 
ullli7.es the quarter million p1xcJ proccs"SOh "hu.....:- :]g.g_~~~uc \:mnputang po\\cr completely o"·crsbado\\s that 01 lhl: 
16 graph•e5 procc-sors. 

·n1e rcmajndcr of 1J1i:\ sccuon U~scrlix:' lWt) ~H' 1 hc U..:f~rr~tl ... h;tdins ~llgoriLhnis. tJIJI we have developed J'or Pixel
planes 5. They arc oil currently running <)ll a ~ollwun: ~u nulator 

Phong Shadjng 
We defer lhe COOliiU~t!lon of a lighun!: IIL<kkl b~ ;.:nnng !11~ 'urf.l(:,: normal aod shatlmg p:~r.J.metcrs at each p~>~l 

durmg ra.\lcri7allon. We have found liM 1110 bit, I"" PL'cl 1> adcqulte 10 ston: thi< mformauon. For Phong shad.ng 
Lhe surface normal~ must be .ntcrpolaL~d I P!l(>ng 73]. Th.s nllorpoi:Luon prO<.-css is ,nnplc and reqUires on I) 3 adds 
per pixel u~ing forw:Jrd ddT~renciny. 

Before the (lCtual lighting model c:m he ~ ... -~llu:nci.l 1 he uucrpol:tted nonn;ll vcc.:lors must be nomlalizcd. This 
requires the compututton or a squ:.lf'c root uml ~ ~ dt\'tdc ~n .:- ~u:t1 pt.'<..:!. The normal ... -ector ttnd eye vector arc then used 
to compute the normahLed rcllcct•on 'C<tO< :11 "ach ~md £, ;~lu31Lon of th~ hghting equation rna~ no" b< 
performed. fr. as 1\ Often done. w-e ~IIJIUO'tlnlaHnn t~ ~~ ... · H'\:lUf ~nnllight \'<.~lOC J.\ <."'il,CSntS. 3CCOSS all pi'(CI,. C31..'h 
p1xel requif'CS 2 dot producb. l :uldiuon'\, I~ muhtpli ... ninrh p:u .. th.: .:.\poncntiatton lor th~.~ 'fl'!>.:ubr tam. 

The general light ing motlcl ;ttlthloOJiall )' <UJ11X>rb ]Xhoti111 1 ~d ,1nd >'JlOL lights w oLh ~olt edges: 

C 
CUll~ _ 1 .;pc~ corl.,. 

lntcnsi ly = Amb + ( L· i'} • (L· O) • l.1ght * K + (L ·R) • ( L·D) • Light • K 
..) 1.1 s 

Where: 
Amb = Amb1em hght intcnsil) " a Oar~x:tinn to light ~ource 
Ught s L•ght source imenMt )' D = Spot hght d n-ecuon 

Kct = Surf3cc dil'fusccocrfle~cnt i'- • Surface nonnal vccLOr 

Ks s Surf~cc specular cocllic•clll R • Rcncction vector 

spec = Surface specular pov.cr cone = Spotlight hc;1m conccntrnuo" 

While infinuc dbtancc pQinl lighl suurc.:s ;1llow Mmpl~ .IJif'f<IXLmauons, for po>I!IOn:LI and spot hglu sources. 
the correct hghL ,.<'Ctors 31 each pi~cl\ ;url:u:c mu,t b.: e<lln(lulc'd, ThiS c3n be done b) applytng the in,·ersc 011hc 
po;rspccti\<e t.r:m~formauon to the >erc.:u-,p:.•c coordmaLc ot th.: wrfxc s:unplcd :u c.;ch p1xel. The tmc c)·c vector 
and any number of lighL \'c-cLors may no" I~ wmrutcd ;n c:1ch 1"'''1 for usc in the shad•ng equation. 

A Pixel -Plane~ 5 renderer c:111 •m~q••law the three t:OIIIJlOIIOIII.> of lhc surface normal for an enure pOlygon in 
2.25 j.IS. (A cmnplcLc 1nangk Is raslcrot.Cd in undt·r x u s.l Nnrm:llitation is done wuh a Newton i tc" uion Jnd 
rcqtJJrcs I 54 .us. fhc simple c~t'iC of cy,: r:t) :tppr(l\..Hll~tlton ~md rd1:.;cuon ray computation require' 35 J,J.s. 



Evaluation of the .;hading equ:nioo [or an mlinn.: ~ti·q~ux-.. ~ ll;.:hl ~1ur .. .: ~light 'c-.:tor i-. cons.unt) requires 229 IJ$ for :l 
'--pccul:u power of 128. Add1ng !in amtu-.·mlldn souJ.:.: .hid-. .;..1 t'' .md f\nngs the mt.:.ll COl\1 for 1his Cl.Se to 462 u.,, 
For the above C3>o. J fully configured "'"'l· l'l.mcs ' ') 'h:rn ,,n com put~ the phong sh3ding l'or an en ure 
1280x 1024 irn<~ge in '2.31 m~ec. (Note tl>"l ''''"" rcndc1~r """"' llllllng the lighting model live umes: on<'C for ouch 
of five pixel regious.) l"crli>rm:mtc st:1tisu" lt>r ,, Pl\,·1-f>lancs :\ "'llticrcr (:1ssum 1n~ spec and ~:om: = 12M) are 
broken down by cask :111d summarized ~do" 

Nonnalil.c 
surface normals 

154 llS 

Texture f\1aomm' 

Compuh.: .. ·) ~..~ :t:ttl 
rrOrruon \ bl!t>r 

.-\pprox. C) C" \ .. ·"·tor = 35 J.l-" 
True eye v.:<.:tm = 31 () us 

~ \ .tlu:tt..- hghtmg cc.tuauon 
for l":lfh t vt')C of li~~tu 

,\ mhicnt source = ..t.l J.L\ 
l11liuito point sourre • 229 J.L' 
l'llSiliOn:tl soun:c = 504 ~ts 
Spm 't>urcc = 6JO llS 

Tex10rc mapp1ng ha.~ been iJOIM>~Itll 111 luch·<IU3IH) '""'~·· ')nth~"s li>r many l~ar.. IC3tmull 7~ ). \\'ilh the 
exception of mulu-milhon dolbr 01ght 'llntll.tt\,,.,, t.;\•. ") .... t-.~nh tu\ ... ' m-.<>fl'oratcd lhc ne<:cssary hardware to do real 
Lime- tcxturc-mappi ng. Since c..xLcnsivc .,;~ th. ul,tllon~. an: th.~~.:-.:-..,,u·> h) rt.!lh.kr pmp~;rly littered textures. we believe that 
deferred shading is w1 ideal appro~l...:h for IC\ I nt\~ m~tppmg :s!.\-'11"'" \ \' Jth hi~h dC'pth complex ity or for tex tunng any 
.\Ccne with proccdur~llly defined tCXlLIIt:\. Cltlh·r ... urr:u,:..: ,· ff.:\.'h -..u ... ·h :1~ hump mapptng can be done using deferred 
sh:.1ding when the lightmg c:.kulution .. ar~..~ ~,t,u d.:krr\.'d. 

The firsL step in tex1urc-m:1ppmg ., tn .,:o:uput\." th .. · t ... ~,ll;f'\:" l"l"''rlhn~t~s u and v fur C3Ch pixel to be ac.:uurcd 
V and vcan be cxpr<"<'>Cd a~ lhc rauo ol t"<>·l'"·'"":'· hn: • .r ~'I~<'"""'' m s::r~.:n 'p:lC~ IHcd•lx:rt 86! !Fuchs liS I: 

,\ ,+11) -C fh·E,-F 
u = \ : 

0x- ll)T I G'-H) +I 

Wilh forward ll ifl'cfcncing. th<:sc cqtwliOII"\ ran tx· ;;l)uiput-.·d ,u, a "an-1m-.· ba~is with 3 :ldds and 2 tllvidcs per 

pixel. With deferred shading only ~It' 1 ""'" '"" ~~·rlnm~<·d ,hn "'~ ""''''i"llion: the Ji vidcs c:m be computed for the 
visible pixels in p:trallcl ilfter rastcri/;lllnn 

\Ve have COilCCrtlt:.lU .• -d on pn.)C('tlut~tlt .. ·\tur ... ~ m:.:pt)in~ h»C' ....,;'.~r.tl r.:v .. on~. Prucc:dur::tl textures t~·p1c~ll) h3\C 

~m::tll memory rcquttem~nb lP~rlin ~5 tlh.'\ :Jr .. · t., ... t t•n cur .. \ 'h:m :,., .:-nmn~tr!:d to •may¢ textures: they are ca~il~ 
cxu:nllcd tO 3-d without~ dr.Hn~uc mrr,·:,,r n ''"'"'"" "'"~··· :nHith.:y c:!n b~ sdf-lihcnng I Gardner 88]. We hope to 
anirn3tc them to pnxJuce r~3f-tim..:: Uh)\ 1 11~ ,:;l·u-.· h:KJ,;g,ourHb. st11.:h ;1" waving gra.\s. moving clouds. or moving 
waves. Recently, procedural tcxtur...: IH;.tpi)IU!! has h'-' ~·n u...;:nl u l J.!~n .. ·r~UL' higlH)I1:11ily i l'n :\g~s of intensely gcomcu·k 
objects such a.< Cur 1 Perlin 891. 

Gardner has used 3 product ott'.\\) -:~t' ot t.:d..;.tnc \-.~1'.:' wuh <.:t"U\'\·CouplcJ phJ~c offsets to genei.ltc rc;,alistic· 
loolong textures for natural scene gcn,·r.•U••n(G""""~r '<'I \\,· h"'" unpbru:ntcd thos u~chn•quc using qu3dr3t•c 
approx.imations to the cosine iunct•on' IKI "" < urrcnt P"-·I·PI.u""'" pruuxypc and developed a toollhat allows the 
use-r 10 explore the sp:u.:e of possibl.: Gartln.:r 11..'\hm:' m s-..;tl·tuu..:. A limjng ~lysis 01 G:u-dncr textures for Pixel
Planes 5 shows the a~v:mtagc or llltlSSI\'C p;uall" ll<m :llth" """' k'\CI. Typic31 mtcrcsung tCx!ure~ reqUires eOSIIlC 
C:llcul:.uions for each of the two .SCh uf cu~itH::\ ::omp-ri~1ng til..: t~o.'\ tttrl.! l uncLJon. Com puling each cosjnc tcrrn in a 
sum requires 5 mulliphes and 3 :~lid it iOn\. I"IM'I·PI :u~c·s ) C:lll Ct>mputc the cc>mplctc texture for a 128x 128 renderer 
in about 0.5 ms.:c. Thi; means lh'll we ''"" do the'"""" '"' cakul.u .. >ns to texture m~p an entire 1280x 1024 display 
in 2m:;cc on a rully cont'igwcd :.y~u.:m. S IIK.'t: dtt l\:n:nt ll.'\ tur~, :1n~ '-'omputc\J with the ~me IOrmula we can compute 
textures ror !<ok y ~nd terrain plxCls simuh.u\'l,~uu,(\ b~ ln;d.ll!! i.hlkr\,.~111 JDr:ml<'lcrs (or PI'-CI!\ with different h!Aturc~. 
This allows w. to m;tinl:tin high shadmg ~t .b.:r,·•:n.~ ,_.,._·n Jl.t~•sh \\ ... ~ m.1~ h~\ c- !:1.!\·cr.d \lirf(rtnt texture rn:;~p). 

lnter:lclivc d1spl;.~~ s :m~ panicuktrl\ ,~,..,t,.tl\\" h.l ...;;1111pl•nc ~1111!.:~.- ts. "'"'1.! ~ntf Jets s~rkte :and dance over movtng 
polygonsd Unfor-tun:ncly. ~11n plc sup-~..~r.-..unpll11~ 111 ''- 1\','11 .. p,tr\.' '" not suffi.:i~nt lO :mu-alias lcxturc mop~ 
I Heck bert 86]. 1 he c:tlculauons to pcrl<llll\ ""'lilt,' I"'~ c·all :il\11 ,.,. lk'o'c·rrcd i( Cll<lugh Information IS >lived in the 
frame buffer lo compute 311 cs!im:U!.i nl th-.· H.'l:un~: '\i;.o,· ot t\.'\tur ... · jll\d' :uuJ ... crccn pi.'C.cls. This infonnauon could 
take lhi! form of partbl dcnv:llh'"-'' or valu~.·s h1r 1t an,f ""' Jl !ll~o.· J'L'd ~.:om-..•r:.. lmagc tc:<tur~s can then be anu
ali.n.scd usmg any uf !t number of ~tmul:trd t~·-. luiHIH~" I\\' tll111h X; I I Cru'' SJ l. Procedural tc,tun:s can be anthlli~cd 



when lhc tc~ture samples arc computed by omining the high-frequency componcnL~ of the function [Gardner 88]. 
We have concentrated on this and have achieved good results anti-aliasing Gardner tcxiUrcs using clamping [Norton 
82]. 

We are currently implementing image textu.re.~ using the MTPMAP anti-aliasing technique [Wiliams 83]. which 
should give interactive speeds for small textures (33 ms for one 6Jx64 texture). We plan to implement at least two 
other algoritl1ms with deferred shading: bump mappmg [BI inn 78) and fog. 

Summary 

We have described an approach to designing graphics systems for real-time high quality image generation. The 
technique has the advantage that complicated shading algorilhms need only be computed for lhe visible pixels. We 
h3ve shown that SIMD parallel architectures work well with a deferred shading system, and show how 10 •mplemcot 
Phong shading and procedural texture mapping. 
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