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Abstract 

Inl~1~rf l rc l7ot ,  (or mufucrl ill~rrr~ritolroi~) o c c ~ ~ r s  wltc~i two or morc o l ~ j w t  surfaces arc. 

illuniinat c d  I)ot 11 l)y a light sorlrcc. and 1 l ~ c  light rcflc.ctcd from ot Ilcr s ~ ~ r f a c c ~ s .  As 

t hc .  dist a11c.c or a~iglc. 1)c.t wc>m t w o  illtc~rrcflcct illg s~~rfaccxs tlccrcascs. t 1ic intcmsit y of 

ilitc.rrc41(~ctcd ligllt incrc.asc.s, with a corrc~spot~ding shift in colour known as colow~. 

Olrrding. lcor conil)~ltc\r visioll algorit 11111s that ass1111ic spatially illvariant s11rfaec rc- 

flcctarlcc.~, t l ~ i s  plays a c.or~thr~ntlirig rolc. As  an c~xaniplc, i l l  t he  presc3ncc of i11tc.r- 

rcflcct ion, "sllaI)c~-fronl-sllatling" 1nc.t llotls will incorrc.ctly reconstr~lct sur1act.s s ~ ~ c h  

that t hc oricvllat ion of I llcil s~lrfacc. ~ i o r l ~ ~ a l s  will al)pcar to  Iw c1osc.r to  t lic direct ion 

of thc~  i l l ~ l l ~ l i l ~ a ~ i t  t 11an t l l ( y  act  ally arc'. 

Rather 1l1a11 t l ~ a t i ~ ~ g  i11t(w(4l(~ctiol1 as rioisc. s~lrfa(.c eo10111.s call I)(. analyscd to 

provitlc adtlit io~lal  irlfol,lt~at io l~ S I I C I I  as  t llc i l l ~ ~ ~ r ~ i n a l i l  spoct 1.a and s ~ ~ r f a c e  shading. 

I n  this t l~c~sis,  a finitc dil~~cwsional modcl is c~ i ip loyc~l  to  r c ~ o v c r  t h c  s11rfac.c s p c ~ t  ral 

reflccta1lcc.s of two int crrc4Ic~t ing I , ; l~nl)cd ian s~~rfacx.s ~~ r l t l c r  a kriow~i ill~irnirlant. Tlic 

rc~111 t irlg rc~fl(d allccs a rc  I I S C ~  to C O I I S ~  r ~ ~ c t  C O I O I I ~  I)asis \.oetors for lirlcar dcconlposi- 

t ion of color~r clta~lnc~l i~rtcmsitics for tach s~irfacc,  fro~ri wllicll the  coc~fficicmts of t 1 1 ~  

no-bouncr colo~lr conil)onc~lt s (shndrity jirld.<) arc  cxt ract cd.  Tlic. rohllst new of t ) t i \  

sirnplc, st raigl~t Sorward algorit I I I I ~  is t c ~ s t ( ~ 1  o n  hot II  sj-rlf h.1 ic alld rm1 i n  t c~rrcflcct i l ~ g  

planar surfacc.~, arid t lit. i~~ipro\rcnicwt t lrc. r c ~ o v c ~ c ~ l  s l lacl i~~g ficxltl proviclcs o v c ~  image. 

irit,cnsit y is clcwiollst ratc.d using a sinlplificd s l ~ a ~ ~ c ~ - f r o ~ i i - s l l a d i ~ ~ g  schcvic~. 
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1Jor most, na1.11ra.l s ~ ~ r f a c ( ~ ,  i ~ ~ t ( ~ r r ( ~ f l ( ~ c t  io11 i ~ ~ t , ( > ~ ~ s i t , y  is significant.ly a l t en l~a t ed  ('ac11 

t , i r r l c >  a. color~r signal is r c~ f l (~ . t c~ l  fro111 a surface, t.l~cwforc. i t .  is rc.a.sonal)lc t o  use a. Jinitc- 

boui,c.r i r~ t , c~r rc~f l (~c~t io~~ ~ ~ ~ o t l c l .  A oue-bounce ~r~ot l ( , l  approxiri~atc~s t,hc actual signal a.s 

a Iinca,r c o ~ ~ ~ l ) i ~ ~ a i , i o ~ ~  of a u o - h u ~ l m  colour a,11(1 a O I I ~ - / ) O ~ I U ~ ( ~  coloui-. 7'11~ n o - l m ~ ~ n c ( ~  

c w l o ~ ~ r  is t,l1a1, wl~ic.l~ r c ~ r ~ l t ' s  ~ I W I I I  111(. r c > f l ( ~ t i o ~ ~  of 1 1 1 ~  sollrcc i l l ~ ~ ~ r i i ~ ~ a n t .  off a singlc 

s~~rfa,ccl .  ' I ' l ~ c ~  ~ I I ~ . - ~ ) O I I I I ~ Y \  c w l o ~ ~ r  r c ~ r ~ l t ' s  fro111 1.11(* rc$lc.c.t.io~~ of  a no-l)ouncc. colol~r 

f m n  a. sc~wntl  s~~ r f a . c~ . .  I)c.c-ol~~l)osit.iol~ of 1.11(, rc>spo~rsc. (eg. 1r'C;II fro111 a cal r~cra)  

00 a,11 i11t,(~rr(~ll(~(.l,(~(l co1o111. illlo I I O - ~ ) O I I I I ~ ( >  a,11(1 011(~-1)ouncc ~ O I I ~ ~ O I I ~ ~ ~ S  will res111t i l l  

1,wo coc.ffic.ic\~~ts. '1 ' 11 (~  I I O - ~ ) O I I I I ( Y \  c.oc~lficic111. (.a11 I)( .  tl(w.ril)c~tl i3.s a shclding J i t ld  as i t  

r ( ~ l ) r ( w ~ ~ ~ t , s  1 I I P  s I ~ i ~ ( l i r ~ g  for ( ' ~ I ( ' I I  p o i ~ ~ t  O I I  ii S I I I ~ ~ ( X ~  i11( l (yw11h11 of i~~ t (v - r (~ f lw l  ior~.  'I'his 

f i c 3 l t l  (-a11 11sc~1 to  I)ro\.itl(. i1111)ro\.cd sI~ill)(' r ( ' c .o r~s t r~~c . t io~~  o\.c\r illlag(' i ~ l t ( ' ~ ~ s i t y  for 

sI~;l.l)(~-fro~r~-sl~a(lirlg ~ ~ ~ c ~ t , l ~ o ( l s .  

I f  I)ot.l~ t11v I I O - ~ ) O I I I I ( Y >  i i l r t l  O I I ( . - I ) O I I I I ( Y \  ~ o l o ~ ~ r  s i g ~ ~ a l s  or t 1 1 c . i ~  1iltc.r rc.spor1sc.s arc, 

k11ow11, ~ , I I V I I  r ( ~ o \ ~ ( > r y  of t 11ci1. cw(~lli(.i(wt~s ~ I V I I I  a11 i ~ ~ t ( ~ r ~ ~ ( ~ f l ( ~ ( . t , ( ~ ( l  co1011r cilI1 I) (>  per- 

forr11(~1 (lir(>ct,ly l)y si111~)1(> Ii11(1il.1' ( l ( > ( . o ~ ~ ~ l ) o s i l , i o ~ ~ ,  S I I C I I  a I I I ~  t rix cIi111i11ai io11. l l o w ( ~ \ - ( ~ .  

1.11(. O ~ I ~ . - ~ ) O I I I I ~ Y \  c ,o lo~~r  cxis1.s OII~!  i l l  111(' I)l'('s('l1('(' of t l ~ c .  I I O - ~ ) O I I I I ~ T  c o l o ~ ~ r  ( ~ I S S I I I I I ~ I I ~  

s~~rfa.c.c~s a.rc 11ot. sIl;i.clcvl ~ ~ O I I I  t ~ I ~ I I I I I ~ I I ~ ~ I I ~  ). I " I I I . ~ . ~ I ( ~ ~ I I I ~ I . ( ~ ,  i t  is t ]I( '  ~ ) r o d ~ ~ c t .  of s ~ ~ r f a w  
r 1 

r c ~ f l ~ c t . ; l ~ r c ~ ~  i l l r t l  il cx) lo~~r  sig11;\1 o\ ,c.~ i1II wa\~c~l(v~gt 11s. I I I ( Y Y ~  is I I O  si111p1(> t r a n s f o r ~ ~ ~ a t  io11 

I ) ( > ~ W ( Y . I I  f , l \ ( .  I ( ~ S ~ ) O I I S ( ~ S  of 1 1 0 -  I)OIIII(.(> i111(l 011('-1)01111(.(' ~( ' s~)oIIs( ' s .  

A sf,r;l,iglll,for\vii~.cl i ~ ~ ) ~ ) r o i i ( ~ I ~  l o  01)tili11i11g t11c O I I ( ~ - ~ ) O I I I I ( T  r ( ~ s l m ~ i s ( ~  is t o  r(>;ld tivo 

I ~ \ S I ) O I I S ( ~ ~  fro111 t I I V  i l l  t ( ~ I , I x ~ ~ I ( Y ~  i11g S I I I ' ~ ~ I ( . ( ~ S  a1 1)oi11t s w I I ( T ( >  i111  (>r~x>fI(~.t  io11 is ~~( ,gl igi -  

I)](,, r(>(,()1)~t,r1l('t ~llrf i l( ' ( '  l ' ( ' I I ( ' (~~ . i l l l (~ ( 'S  i l l l ( 1  (.O!Ollr Sigllil~S, t Il( 'l1 (.ilICllIiit(' t l 1 ( '  0 1 1 ( ' - ~ ) 0 1 1 1 1 ( ' ( ~  

, I  

(.olollr all(] its I Y ~ S I I ~ ~  f i l l  (11. I X Y ~ ) O I I S ~ ~ S .  I I I P  1 irsk ~ I I C I I  I ) ~ Y X ) I I I ( ~ S  OII ( .  of r c ~ o ~ r s t  1.11ct illg 

r(~fl(yt,illlcc~s i i l 1 t I  ( ~ I O I I I .  s ig~~i l l s .  I f  1 i l l l l l l l i l l i l l l f  i311d filt('r S I ) ( ' ( ' ~  ra a1'(. k11ow11. a f i l l i t ( '  

(lilll(lllsioll;ll 1110( l (> l  c-;llr I ) ( ,  I I S ( Y ~  1 0  I . c w ) \ r c Y  slllfilC(' ~.('fl('('f;lllC('. 

Ali,l1011gl1 n7(, ( > x l ~ ( . t  1 I I V  O I I ( ~ - ~ ) O I I I I ( Y ~  I I I O ( I ( \ I  l o  (~losc1j7 a p p r o x i ~ ~ ~ a l c  t I I ( ,  act 11a1 C O I O I I ~  

siglla.l ol)t.ai~~c.tl ~ ~ O I I I  i l l1  i~~tc~rr.c~fl(~ct i r~g  s ~ ~ ~ . f i i c ~ ~ ,  as 1 (.ollc.a\.itj. of t11 ( .  s~~rfac.c.s in- 

(.r(.a.s(y or ~ , I I ( .  (list ; l r l cx ,  1 ~ 1  L \ Y Y . I I  t I I ( \ I I I  t l (~.~x~;isc~s,  ot l~( 'r  I I I I I ~ ~  il)ollllc.c~ ~ o l o l ~ r s  co11t r i l ) ~ ~ t ( ,  

Illor(> 1 0  ~ , I I ( \  1 i11i l l  S I I ~ ~ ~ I ( ' ( '  ( . ~ I ( ) I I ~ '  i l l l ( 1  ill(' 1 1 1 0 ( 1 ( ' ~  I ) ( ' ~ ~ I I S  1 0  l)l.('ak ( I O l i ' l ~  16, ]:I]. \{'(I a n >  

1,1111s 111ot ivat,cyl to  ~ ) r x ) g ~ . c ~  1.0 i j  t \ v o - l ) o ~ ~ ~ ~ c ~  111oclc~1. 'I'l~is is si1111)lj. a11 c.xtc.~~siol~ of 

t ,11( ,  O I I ( > - ~ ) O I I I I ( X ,  I I I O ( ~ ( > ~  1vi1 11  t ] I ( >  il(l(li1 io11 of ii t 11ir(! ( . O ~ O I I Y  C O I I I ~ ) ~ ) I I ( , I I ~ :  t11at co11sist i11g 



of light rcflccted from one surfacc, then from a second surface, and again from the 

first surface. For dccornposition, tlrc two-bolincc response can be calculated using 

the same simple tcchnicl~~c as t tic one-houncc rt-sponsc, with an additional rcflcctancc 

uscd t o  create tlic colour signal. Ilowcvcr, i f  a finitc di~ncusio~lal  modcl is uscd to  

reconst,ruct rcflcctanccs, additional errors in the  rccovccy of the two-honnce response 

can be e x p c c t d ,  and could possibly o~itwcigh improved shading fields a t wo-bounce 

model might provide. 

Scope of Thesis 

In this ttwsis a fii~itc. d i~ i~c~r s iona l  motlcl of surface rc'flcctdi~cc. is p r c ~ w t c d  as a tool 

for colour s i g ~ ~ a l  tlccoinposit i o ~ ~ ,  whc.1~3 t I 1 r 1  colour signals rcmlt froln i i ~ t  cwdl(lct ion of 

two planar surfaces I)y a s i ~ ~ g l c  ~ I I O W I I  l ig l r t  sollrcc.. 7'11~ clc~o~iiposccl signal is used 

to  dcrnonst rat,(. an i r i~l)rovc~wnt  t o  st~rfacc. sl~apc. rc\covc\ry ~ i ~ c > t l ~ o d s  that ~ i s c ~  i~nagc. 

int,ensity as indicators of s~~rfacc.  oricwtation. 

The  colour responsc~ 1)asc.s wed to tlccomposc~ intcrrt4c.ctcd c o l o ~ ~ r s  arc not or- 

thogonal, and arc affcctcd hy  111aiiy factors, s~ ich  as illli~~linallt s p ~ c t r a ,  filter sensi- 
r 1 tivitics, and stirfacc. rc,flc~t ai1cc.s. I lie effects of c l i a ~ ~ g i ~ l g  t lic3sc propcrt ics is explored 

by analysing t hc angles I ~ ( ~ t w ( ~ v i  1)asis vectors c i r c o n ~ p a ~ s c ~ l  l)y int~rr('flcct ion 1 ) ~ t w c ~ n  

pairs of Munscll surfacc.s under t wo  di f fc rc~~t  i l l u~~ i ina r~ t  s and d c t , c ~ t  c d  t hrough t h r w  

set3 of filters. 

As an intcyyal part of t h  creation of tllcsc colo~ir Imsis vcctors, the. fiuitc. diincn- 

sional motlcl must r c ~ ~ ~ ~ s t  ruct srirfacc rc~flcctances and t,lrcir l ~ s u l t i n g  colour signals. 

The  crror i n  dccomposi t ion is affcct cd dirc,ct ly hot h hy t 1 1 ~  ~i-lodcl and hy t hcsc rccon- 

~ t~ruc t ions .  Tllc cffcct s of the t11rc.c sets of f i l t c~s  and two i l lu t~~inant  s arc  statistically 

analyscd for rcconstr~ict ion of 1)otl1 one-lmu~rcc a ~ r d  two-1)o1111ec c0101ir signals and 

their filter rcsponscs for pairs of MlinscII surfaces. 

Using t ~ s t ,  caws sclcctcd for their comparative p c ~ f o r ~ i ~ a n c ~ s  with other pairs of 

int,errt.flecting slirfacc~s, c o l o ~ ~ r  r c ~ o ~ r s t  ruct ion is p c ~ f o r ~ ~ ~ c d  i l l  I)ot11 sjmt hc.t ic and real 

iniagcs. Tlic i rnp rovc~~~cv~ t  from 11si11g ~wmvc~rc~ l  s l r a d i ~ ~ g  fic.lds r a t l~c r  than i~nagc. 

colour intensity is t l ( ~ m i ~ s t  ratcd 11siilg a sinrplc s l ~ a p c  I Y Y Y ~ S ~  rrict ioil algorit l~lir. 'I'hc. 
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feasibilit,y of cxtcmding t h e .  one- l )o~~ncc  niotlcl t o  two Imlnccs is also explored. 

Thesis Outline 

Chapter 2 t 11c reader wit 11 a description of eymlmls and their descriptions 

used throl~ghout  this tlrcsis. 111 addition, an introduction to  colour signal composition, 

Lamhertian surfaccts, and ~ n c t  11ods 11sc~1 for ~iirlas~~rirrg errors as(. presented. 

Chapter 3 s~~mrnar izcs  s o n ~ c  of t 11c 11iorc irnport a ~ ~ t  rcw.arc-h rclat cd t o  t 11c st 11dy 

of irit,crrcflcct,ion, and t hat wl~icli forms I I I I I ~ I I  of the g r o ~ ~ ~ ~ d w o r k  for this t Iiesis. 

Chapter 5 dcscril)cs t 11c role of colol~r in int crrc~flcct ioli. 'I'hc on(.-lmuncc model is 

presented and t,l~c incc.~~t ivc for illvest igat i ~ ~ g  a t ,wo- l~o~~ncc~  ~ i ~ o d c l  is discussed. 
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Chapter 8 present s an algorit hrn for the analysis of i~rtcrreflccting surfaces using a 

finite dimensional 1notlc.1 of surfact. rcllcct ancc. From t he result s in previous chapters, 

three sets of test cascs arc chosen, and detailed analysis of the colour signal and 

tristimulus valr~c rc~coristrlict ions arc made for each. Thc dccomposit ion algoritlrni 

is then applied t o  synthc.tic images and real inrages for thc i l lu~ninant ,  filters, and 

surfaces sclcctcd. The  improwmcrrt tlic shading field can providc for surface shape 

reconstruction is also tlcrnonst rat cd. 



Chapter 2 

Preliminaries 

2.1 Symbol Definitions 

SA(X)  Spwt ra,l scflcc-t ai~cc' of surfac-c. '4. 



@"(A)  ith-bounce component of a colour signal resulting from interreflection. 

c(")(x) c(')(x) specific to  surface A.  

('("')(A) C(')(X) for cit her s u r f a c ~  A or surface I ] ,  as i t  is syrnmct,ric. 

C'("'")(X) C(')(X) specific to surfacr I?. 

Rk(X) Spectral sensitivity of k th  scnsor (filter) class. 

R(X) Matrix of spcct ral scmsit ivit ics. 

pk Response of k th  scrlsor, pk = C(X)Rk(X)dA. 

A Matrix wllosc X.if" c11t ry is J II(X),S,(X) Rk(X)dX. 

a p ( . r )  Cocficicnt, of t hc. it 11- lm~nec cmlor~r signal cx)~nponcwt ernallat i r ~ g  from s~irfacc 

A a t  position .r. 

2.2 Colour Signal Decomposition 

Light reflecting frori~ a surface. r c ~ ~ ~ l t s  i n  a colour signal ('(A) as t l ~ c  spcctral product 



where E ( X )  is the spectral power distribution of t,he source illuminant, and S ( X )  is the  

surface spectral reflectance funct,ion at wavelength A. A set of photoreceptors with 

sensitivity functions Rk(X) , k=l. .x  sensing the  colour signal will produce responses 

where t he  int,cgral is tak('11 o v ~ r  the visible spcc t ru~n.  111 h ~ ~ n l a n s ,  this is a p ~ ) r o ~ i n ~ a t ~ 1 y  

400 - 700 nnl. In \mt,l~ humans and camera systems, t11c n11m1)cr of photorcccpt ors, 
- 

a,  is typically three. I J s i t~g  ('IE standard obscrvcr colo~ir-matching functions r, y. 

and r ,  the  result ing t r i s t i ~ i i ~ ~ l u s  V ; ~ I I I P S  arc. idcirt ificd as Ilowcvcr, t hcsc f i l t  cr 

funct,ions arc not gcncmlly availal)lc t o  calncra systcwis \vlricli c~np loy  r ( d ,  grtwl,  and 

blue channc-l filt,crs. 'l'llcsc. arc iclcirt i f i c d  as RGB. 

Larnbert ian Surfaces 

A common simplifying ass~~nlpt iol l  for colotir visioil work is t l ~ a t  s ~ ~ r f a c c s  appear 

equally bright rcgarcllcss of viewing position. Sliclr s ~ ~ r f a c c s  are unifo~-mly difft~sing. 

with the  I~~rn inous  intcv~sit~y I, at cxach wavcl(mgt l i  1-arying wit11 t hc, cosinc of t I I C  anglc 

t from the  surface norrr~al ( t  = 0) [:%I]: 

Equation 2.3 is commonly rcfcrrcd to  as 1,(17r,O( 1.1 '.$ I,nw, and materials that satisfy 

this equation arcb said t o  I F  I , c r r n b r  r t i ( 1 1 r .  

An assu~npt~ion 11sc~1 tlirot~ghout t Iris t licsis is t 11at s~~rfacc.  rcflcct a11c.c. f und  ions 

are independent, of vicwirig positiori, that is, tl1c.y arc 1,alnl)crtian. 111 rcalitv this is 

only approachaI>lc by soiilc. sul.facc>s. A ~ ~ l o r c  realist i c  ~~iotlc.l of surface rc+kct ancc is 

d c s c r i h l  in [27]. 

2.4 Error Measurement 



2.4.1 Just-Noticeable Difference 

I n  11111el1 of t,I~is w o r k  MY will wallt 10 c o l ~ ~ p a r ( '  iil(wl colo~rr sigpnls wit 11 t l ~ o s c ~  r c ~ o ~ l -  

s t , r~tc t , (d  11y I I I ( ~ ~ S I I ~ ( ~ I T I ( ~ I I ~ ~ S  of sp(\cifk r ( ~ s p o ~ ~ s ( ~  f i l t c m .  111 orilvr t,o oht ail1 I T W ~ I ~ ~ I ~ ~ ~ I I I  

rcxs~~lt,s, a, r ~ l c ~ a s l ~ r c ~ r t ~ c ~ l ~ t ~  1,hat. corrcxsponds 1.0 our ow11 pew-cpt ion of diffcrpnccs hi,- 

t~wcw1 cwlorrrs s l ~ o ~ ~ l t l  I)( .  rlscd. IIO\V(V(~I., ~l lost  c w l o ~ ~ r  c - o o ~ d i ~ l a t c ~  s) ,stc~~lls llavi. 11ot 

I i s  I i s  ~ I I I I I I I ~  I 1 1 1 .  A S  il t!.l)iciil i~xa111~)1(~.  collsi(l(y t I 1 ~  

. r ,  y ( ~ l ~ r o l ~ l a t  icily (Iiitgt'il111 I)il~('il 011 1 I ) ( '  ('11; ~ ? / ( I ~ I ( / ( / J Y /  ( ~ h , < r i ~ ~ ~ c  1. c o ~ o l l ~ - ~ l l a t ~ ~ ~ l i ~ ~ g  

f ~ l ~ r c , t . i o l l s ,  .r(X), !/(A), :(A) [ I ,  10, 3 I ] .  llulnal1s ~)(-rc.c.i\,cl c l i f f t ~ r ( ~ l l w s  i l l  colo~lrs o n  t 11,. 

.r ,  y I ) l a ~ ~ ( ~  to\vi lr(I  1,11( '  ~ ) I I I ( '  i l t I ( I  1'('(1 ('OI'Il('1.S Of  1 ) I ( '  (Iiilgralll 1 1 1 0 1 ~ '  ('asil!. t Itall \vit 11 g r i ~ l l s  

~ I I I ( I  y ( ~ ] l ~ ) ~ ~ s  [:I 1 1 .  ( ' O I I S ( Y I I I ( ~ I I ~  1)'. i f  if'(' itr('r(' 10 Its(' S( ) l l l (>  ~ ~ ~ ( ~ ~ I ~ I I I x ~  o f  . ; l~,</-~io/i( ,r(r/~/< (/,.f- 

f (  i-r,l,c.r,, t,ll(,lr ollc r l l l i l  of t,llis Ill('ilSIIl.(' \~0111(1 ( ' O I . I ' ( ' S I ) ~ ) I ~ ( ~  to a 11111~11 largc'r ]{~lcli(liall 

i l isl , i l ,~lc~~ illollg t J ,  y l ) l i ~ ~ ~ ( >  i l l  f I t ( '  gr('('11 a r m  1 I I ~ I I  t I \ ( >  I ) I I I C  i\r<'a of t (Iiagratn. 

I l l  all a t l ( ~ ~ l l l ) t  to ~xyx)l~c~i l (~ I';r~cli(lii~ll distallc('s wit,ll I I I I I I I ~ I I  p i ~ w p t r ~ a l  iliff(m'tl~('s, 

n t , r ; l l l s f ~ ) r r l l i l ~  i i ) l l  fro111 ('I]': ~t,illIiIilr(I o~)s('I'v('I' .y)-% t rist ~ I I I I I ~ I I S  ( ~ o o r d i l ~ a t c s  to 1 ]I( '  

11ior(\ l l l l i f ~ ) ~ l l l  ( ' I ]< / , * r , * , * *  ( Y ) I O I I ~  c o o r ( I i ~ ~ a t ( ~  s ~ ~ s t ~ ( ~ 1 1  \V;IS ( l ( ~ i . ( ~ l o p ( ~ l  a s  fo l lo \~s  [:31]: 



2.4.2 Angle Between Vectors 

2.4.3 Root Mean Square 



Chapter 3 

Previous Work 

3.1 Radiosity 



3.2 Spectral Methods 

3.2.1 A Qualitative Analysis 



3.2.2 Colour Constant Analysis 



3.3 Reduced Component Methods 

3.3.1 Intensity and Interreflection 



3.3.2 Intersection of Planes 



that Illis l ~ ~ a y  I ) ( >  ~ I I P  to  spc~clllaritics from the s u r f a c ( ~  1101 accounlcd for 1)y the  

~ i ~ o d c l ,  alld l)y 01 1 1 c ~  fa(.tors ~ 1 1 ~ 1 1  as signal ~ ~ o i s c  and st ray light. Since   no st colours 

lit. clltst c ~ c d  togct I l c ~  1 1 1 1 1 ~ 1 1  clos(\r t o  t \I( '  I I O - ~ ) O I ~ I I C ~  co111po11~11t than t 1 1 ~  OTIC-~)OIIIICC 

c~ornpon~v~ t ,  (1x1 rapolat io11 I ) c ~ ~ ~ r l c s  pro l~c  t o  significant error s c ~ u l t  ing from incorrect 

itlcnt,ificnt iot~ of t I I C  p l a ~ ~ c ~ s .  



Chapter 4 

Finite Dimensional Models 

4.1 Background 

4.1.1 Modeling Surface and Illurninant Spectra 



4.1.2 Basis Functions 



Dimensionality of Surfaces and Illurninants 

Singular Value Decomposition 
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Wl1ilc t I I V  SVI) rrli~linlizc~s t I I C  tot al variance wit I1 r e s p c ~ t  to the  cntirc input data  

sct ,  thcrc is n o  guarantee that t hc f i t  will Iw good for a particular sample. To make 

this mct, l~od work best for arhilrary inputs,  i t  is important t o  provide it with as many 

4.2 Basis Function Calculation 

4.2.1 Implementation 



A l r l l l l  1. l~'lNlrl'l:' I I IA11~NSIONA 1, MOl) lS l ,S  

4.2.2 Results 



Wavelength (nm) 

ysis of 

Wavelength (nm) 

b'ig11r(~1.2: ' I ' I I ~ .  first 111rw 1)asis ~ ~ c ~ t o r s  oI)t a i ~ ~ c c l  t I I ~ O I I R I I  s i r ~ p ~ l a r  V R I I I C  d r c o ~ ~ ~ ~ ) o s i t  i 0 ~ 1  

of I(;'-! h!~~r~sc,ll c w l o ~ ~ r  c11il)s. 



Chapter 5 

Models of Interreflection 



5.1 One-bounce model 



- Surface A. I = 0 
. . . . . . . . . ... Surface B, i = 0 
- - - - -  Surface A, i = 1 
--- Surface A, i = 2 

Surface A, i = 3 
Surface Ti, i = 4 

Wavelength (nm) 



According t o  t,Iiis rnodcl, t , l ~ c .  colour rcsponscs p ( r )  ohtained from the two surfaces 

are approximately linear cor~ll)inations of their respectjive p(0) and p(1). Thus, i f  the  

p ( r )  arc plot tcd in t,hrc~-dimensional vector space, they should fall on a plane defined 

by p(') and p(') [13, 271. F ~ ~ r t ~ l ~ c r m o r e ,  since we are only looking a t  positive signals, 

these responses will lie Iwtwwn thcw two vectors. An important assumption here is 

that p(O) and p(') are linearly indcpendcnt. In general, this problem can he avoided by 

ensuring t,hat ncitlrcr ~urfi+c(> has a const,ant, (ic. grey or whit(.) spectral reficctancc. 

Note t,hat p( ')  is identical for 1)ot h surfaccs, represent ing tlw response for a colour 

closet t o  all il~tcwc~flcctit~g c~lgcx cwnsist 111ainly of the I I O - ~ ) O I I I I ~ ( ~  c o ~ ~ ~ p o n c m t .  Onc 

~ric~tllotl [12] IISCS t 1 1 ~  ~ I I O W I ( Y I ~ ( '  tllat coIo111.s of a sl~rfaccs fall closc t o  thc plan(' 

dcscrilwtl l)y p(0)  and p( ') .  'I'l~c i~~tcmc.ct ioll of t 11v plants for two surfaec~s wo111d t ~ I I S  

I)( .  t I I C  corrlrrloll vc~.tot. p( ' ) .  A ~ ( ~ ; ~ I < I I ( ~ s s  o f t  I~ i s  1r1c.1 Ilocl is that c o l o ~ ~ r  I I I C ~ S I I I . ( Y I I ( ~ ~ S  arc 

gror~pcd T I I I I C I I  c l o s c ~  to  / I ( ~ ' )  so t I~a l  ~loisc-, spc~cularit iw,  a ~ l d  ot Iwr factors cont r ih~l t  ing 

to  r<.sponsc I I I ~ ~ ~ ~ S I I ~ ~ ~ I I I ~ ~ I I ~  Illily t r a~~s l a t ( .  to  large. i1nprc3cisions and errors as planes 

arc3 proj(>(*tc'tl 1 oward t,llcir irltcvwct ion. ( 'ol~tri l)r~t ions of ot 11cr rn~llt  il)ouncc c o l o ~ ~ r  



If both !:'(A) and fi'(A) arc. known, then projection of t hew planes is unnecessary. 

Spcct ral rtxflcctar~ccs of cacli s~irfacc. can be rcconstructcd using equation 4.3, so that 

any multil>our~cc coniponcwt can be calculated directly. Details of this method arc 

investigated in chapter 7. 

Oncc p( ' )  has b c ~ w  cstimatccl, we can use equation 5.4 with k = 3 t o  obtain 

solutions for our shading and intcrreflectior~ coefficients no and a l .  Sincc there arc 

three equations with two unkl~owns, it can hc solved using a least squares fit. We can 

view t,llis as projecting p(.r) ortlrogonal to, and onto, the plane dcscribcd by p(O) and 

f ( ' ) ,  and oht aining t I I V  ci)cfTici(wt s of t 11is wctor .  

Alt Ilol~gll the use of a o~rc~-I)o~r~lcc~ rnoclcl of intcwc.flcet ion can provide a superior 

cst,irnatc of surface shading than colour i~ltcnsity, i t  Iwgins to  brcak down closc t,o the 

s~rrfacc cdgc.s. As thc d g c  1)c.t wcw~ s11rfacc3s is approached, contribution fro111 other 

r r l ~ i l  t ilmuncc corrrporrcwt s incrc~ases. Since. t lie o ~ ~ c - h r ~ n c c .  model attribut cs all image 

intcr~sity t o  the two colour co~l lpo~rc~r t s  of thc n1odc4, an increased c-ocfflcicnt crror 

rcsr~lts. This may takc tllc for111 of c.it11c.r an incrcascd or dcvxwwd shading firdil, 

depending on t 11c tlirwt ion of t I I C  ot llcr ~ n u l  t ilmr~nc-c. con~poncwt s rclat ive t o  the first 

two. 

A possihlc so111t ion t o  t I I C  l i ~ ~ l i t  at ions of t 11c O I ~ ( ~ - ~ ) O I I T I C ( ~  1nod(4 is t o  extend i t  to  two 

I)o~rncc>s, i ~ ~ c l ~ ~ d i ~ r g  t I I C  (4T~ct of ligl~t rays that I )o~~ricc off one s~~rfacc. ,  t hcv t hc second 

s ~ ~ r f a c c ,  and I ~ c k  to  t,Ii(' origillal s~irfacc again 1)(4orc cont acting t he r(m>ptors. The 

colo~lr signal ol)t a i~lcd f r o ~ l ~  s ~ ~ r f a w  '4 wor~ld t hris I,c clc4ncd as: 

( A H A )  . 2 o a ( . r ) P y )  + nf( : l . )pyH)  + n:(.r)pk 

2 - H  l r (x ) , i ;" ( / \ )  AS' ( A )  /{/,.(A) . 



T h e  color~r rc3sponsc. &(s) would he solved similarly. As with p(0)  and p('),  for the  

general case wrx will r d c r  to p(4H.4) and p ( R A H )  as p(2).  Notc t ha t ,  unlike p ( ' ) ,  p(2) is 

not symrncd rival and I I I I I S ~  1x1 ol)t aincd indcpmdcnt ly for cach surface. 

Since. c c l ~ ~ a t i o ~ ~  5.7 wit11 t 1 1 r . c ~  rcmy)tor classes forms a linear set of three equa- 

tions in thrc~c unknowl~s,  wc. nlay he  able t o  find a l ,  n 2 ,  and ns using Gauss-Jordan 

elimination or any other ~rwtllod for solving linear equations. 

One  tlraw1)ack t o  this 111odcl is that  we cannot be certain the  two-bounce colour 

associated with a surface is linearly indcpcndcnt of its no-bounce and  one-bounce 
r 3 colours. I hat is, in t h r c c ~ - t l i ~ l ~ c ~ r s i o ~ ~ a l  space p(2) may lic on the  planc descri1)cd I>y 

a11d p( ') .  While 1 . 1 1 ~  assrln~pt ion 1 hat 11cii 11c.r s r ls fac~ has a const an t  (ie. ideal 

whit,(>) s p ( ~ 1  ral s ( ~ f l ( ~ t , a ~ i c c  is 111adc to avoid Iir~car t l c p ~ ~ n d ~ ~ n c i ~ ~ s  1)ctween the  first two 

c o l o ~ ~ r s ,  t 1 1 ( ~ ( ~  arc  I I O  appar(wt a s s l ~ ~ l l p t i o t ~ s  1 hat will avoid i t  1)ctwei~n these and p(2). 

Al l  hoi~gh wc3 cannot c311forec. linear i ndcpc~~dcncc ,  we call dctcrmine whet her i t  

holds. In  at ldil iol~ to o1)scning i l ~ c  anglc 0 lwtwccn p ( 0 )  and p('), we must also look 

a t  the  angle q5 I)ctwccw p(2) and the  vcctor rcw~lt ing from its projection onto the. 

plane di~scr i lml  by p(0 )  and p(l) (SW figure 5 . 3 ) .  For tach test, the  angle should 11c 

g a r  i a s o  t l ~ r c s l ~ ~ l l  a r o a c l ~ i g  0'. I f  t I I P   form(^ cotldit ion is violated, t h c l ~  

inicwcflcciion ca1111o1 1w I ~ I ( \ ~ I s I I ~ ( Y ~ .  I f  t l ~ ( '  I a t tw  cor~di t io~ i  is violated, then a onc- 

I)o\incc ~ ~ m t l c l  can st i l l  I)(. I I S ~ Y ~ .  'I'l~c~sc~ tc3sls call I)()  l)csSor~ncd i ndcpc~~dcn t l y  for cach 

surface, a 1 ~ 1  t,Iw appropriate 111(x1(~1 1 1 s c ~ I  for ~ac11.  

Sir~ct. a t w o - l ) o ~ ~ t ~ c c  r~ lod(~ l  <~x l ) c~ - t s  t o  svc colo~rrs in t hrcc-tlimcnsional space. rat I ~ c r  

t,han on a pla~lc', wc. can no l o r ~ g c ~  IISC t Iw intcrscction of two planes tm find t he  onc- 

I)o~lncc. color~r. I7 r~r t I~(~r~ i io rc ,  t I r ( w  SCCIIIS to  he no cxttnsion t o  this ~nc t l lod  that 

worll(l allow 11s to  f i l ~ c l  1 1 1 ~  l ,wo-lm~rlc,i~ colour. 'I ' l~c krlow~r-il l lrrni~~a~lt  assumption, 

on t t ~ c  ot 11c.1 I ~a r~ t l ,  allows 11s to  scparatc. a color~r response into its i l l~lminant , filter. 

and r c ~ f l c c t a ~ ~ c c ~  cwrrst i l r~c r~ t s ,  so arly I I I I I ~ ~ ) ~ . ~  of l~~~r l t i l )o i r l i c (~  C O I O I I ~ S  can be obtained. 

Ilowcvc~r, t I I C  acc~rracy of t l ~ c w .  c o l o ~ ~ r s  di l~~inis l lc~s  for c~aclr I)o~~lrcc\, since the  spcct ral 

rcflc-ctancc. rcm)r~st r r~ct  ion of ('ac11 sr~sfac(' is l ~ t ~ l i k ( ~ l y  1 0  I ) ( '  precise, and ~ n ~ r l t i p l i c a t i o ~ ~  

of sigrlals will ir~crc.asc. t l ~ i s  clrsor. 



J i r  5 . 3 :  A I I ~ I P  I! l a ~ l \ r w ~ l  / I ( " )  and /I('), and a~lg lc  p j  I)r~tww11 a ~ l d  t h r  plan(. 
(lvscrilml 1,y p(0) and / > ( I )  (slladcd a r m )  i l l  t l~ r ( r~- ( l in lc~~~s iona l  HGB spare. 



Chapter 6 

Multibounce Colour Space 

6.1 Implementation 

IJsing 1 t 1 c  s p ( ~ t  ral ~ O W ( Y  (list ril)ilt ions of a 320011' l'lanckiali radiator (fig 6.1 ), a11 

pairwisc* con~l ) i l~a t  ions of 162 hll~nst\ll s~lrfacc. spcct ral rc\flcct anew [%I, and each of 

thc  t lircc sc.t s of f i l t c w  wit 11 r c ~ p o ~ l s c ~  c11rvc~ S I I O W I ~  i l l  fig11t.c~ 6.2-6.4 t11c t11cosct ical p 

vc.ct,ors wcro calci~latcd.  For s~~rfilcc. A ,  p(") and p( ')  wcrc ohtaincd as i l l  vq~lat ion 5.4, 

arltl p(" as i l l  c ~ l r ~ a t  ion 5.7. Val11c3s for s~lrfaci. I1 wcw oht ainctl similarly. 

'I'llc anglc 0 was c-alc~~latcd I)c.twcw~ v c ~ t o r s  p(') ar~tl  p( ' )  for tach s~~r fac i . .  The. 

angle Iwt w w n  p(') and t I)(. 1)1a11(. was oht aincd l)y first 1)rojcc.t ing i t  onto  the  ,,lane to  

ol)t air1 4 was c a l c ~ ~ l a t  c d  as 1 1 1 ~  anglc 1)c.t W ~ Y Y I  t l ~ r w  two vcctors. St at istics wcrc 

t 11c.n gat llcwd for a11 O a ~ ~ t l  4. 
'1:) ol)sc~vcx 1 h e  c \ f f ( ~ . t  of I: ' ( ,!)  O I I  1 1 1 ~  rc>sr~lt s ,  t I I P  c'\cpc'ri~ncmt was rc~peatcrl 11si11g 

r ' t t ~ c x  st a l ~ d a r d  i l l l ~ ~ l l i ~ ~ i l ~ ~ t .  I I t ( '  s l ) ( ~ t  ral I)OW(T (list r ih~t t  i o ~ ~  of t Itis light S O I I ~ C C  is 
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CllA P T E R  6. AlIlL7'11301lNCIS COl ,O~ lR  SPACE 

llcspon,se min,. I m ax. m.enn std. dev. 
Filt c 1,s 

1 S o  I - I  I 0.0 I 0.0 1 44.5 1 25.5 1 9.6 1 3.3 1 6.6 I 3.5 
I I<oda,k Filters 1 0.0 1 0.0 1 ,57.8 I 30.9 1 12.3 1 4.2 1 8.6 1 4.3 

Ta1)Ic. 6.1: Colo~ir  voclor anglcs O and 4  under 32001< illurninant. 

6.2 Results 

I<rspo71,s'f 
Fill c rs 

S t t l . O h s c ~ v c r  
Sony DXC'-151 
1iod;tkI:iltc~rs 

'I'hc cwlor~r vcv.-tor arrglcs r ( ~ u l t i l ~ g  fro111 t h ( >  applicatio~l of a 3200A' illul~linant to 

a11 pairwiscl comhinat i o ~ ~ s  of in1 c ~ ~ ~ ~ ~ ~ f I ( ~ c i c ~ l  s ~ ~ r f a c c s  a rc  r c ~ ~ ~ t l c d  i n  t able 6.1. Tliosc. 

rc.sult ing frorrl i l l ~ ~ ~ n i ~ ~ a t  ion \)y t Ire I) , ,? st a~ rda rd  i l lun~inant arc. shown in t ahlc 6.2. 

1Jntlc.r 110th i l l ~ ~ ~ ~ ~ i ~ ~ a n l s ,  t l ~ c >  l iodak filters r (w~ l t  i l l  sig~lificantly grcatcr Incan 

ar~glcs 1 l1il11 1)ot 11 t he St a ~ ~ d i l d  O l ) s ( ~ r ~ ~ c r  and Sony. Rcfcving t o  t hc. f i l l  e r  rcsponsc 

c.llrvc.s of f i g u ~ n  6.2, (i.3, a ~ ~ t l  (i.1. wc. ol~scrvc tI1i11 t l ~ c  Iiodak filters have. lcss overlap 

bet w c ~ w  r c ~ p o ~ ~ s c s  t I I ~ ~ I I  t I I P  ot 1 1 ( ~ s .  I t  \vo111(1 lw i n  t ( ~ c s t  ing to apply sprcl rcil shni*pcn l u g  

[!I] to t lrv f i l l  c ~ s  to  inwst igat c. t lrc d r u - t  t 1w rcsult ing "sharpencd" filtcrs have on O 

and 4. 
('ornparisor~ of t I 1 ( 1  I I I C ~ I I ~  a ~ ~ g l ( ' s  I I I ~ ~ ( T  tllc two i l l ~ ~ m i l ~ a n t s  ~ I I O W S  n111ch improved 

rvs111t s frolr~ 11si11g t I I C  ]IG5 st a~l(Iar(l i l l ~ ~ n l i ~ ~ a n t .  As F'orsytl~ oI)servcd [ l l ] ,  t h e  gin1111 

of pilot o r c c ~ p t  or r c~spons~~s  is r c ~ t  r i d  cd under a givcw illurninant . k'or inst ancc, a 

light with its 1,owc.r tlistril)r~tcd c-lost to 111(' rcd cwd of 1 1 1 ~  visil)lc s p c c t r u ~ t ~  wo11ld 

1101 pro(111cc~ a st r o ~ ~ g  1 ) 1 1 1 c ~  I Y ~ ~ ~ ) O I I S ( >  for illly SIII .~ ; IW.  SIICII is 1 I I C  CBSC wit 11 t I I C  3200Ii  

i l l l l l l ~ i ~ ~ i l l ~ t ,  wh(was  1 / I ( '  i l l ~ ~ l l l i ~ ~ a ~ ~ t  11as a n111c.h flat t c ~  (list r i l ) r ~ t i o ~ ~ .  Since 1 he 

7n in .  

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

mnx. std. dev. mcnn 

2 . 1  
48.7 
60.2 

8.0 
8.4 

10.4 

0 4 0 4 o 4 0 4  
11.5 
13.2 
16.6 

20.6 
lTi.7 
22.3 

3.1 
3.3 
4.3 

4.1 
4.6 
6.2 



anglcs O and d, arc rncasurctl b c ~ t w c ~ n  rcsponscs in threc dimensional colour space a 

rcst,ricte<l gaml~t  woi~lcl rcducc the range of possible angles under that  illurninant. 

Rcgartllcss of the filters and illurninants used, the minimum anglcs for 0 and 4 arc 

0•‹, confirming our cxl)c.ctations that  our models of interreflection will fail for some 

surface combinations. In  particular, when a t  least one surface has a constant spectral 

rc4ectancc curve we will ol)scrvc t hcsc angles. Ilowevcr, under all configurations thc 

mean a n d  maxirnum anglcs provide motivation to  invest igatc both the one-bounce 

and t wo-bounce models. 

As we s c ~  from t hew rcwllt s, t Ilc vc.ctor space. for <lc~co~nposit,ion is far from ort hog- 

onal, A surface. wl~oscb O is clow to 0') will I)(' 1111al)Ic* t o  1)c arlalyscd wi th  a one-houncc 

~nodcl  of irltc~~.rcflcct ion. I,ik(~wisc~, a s ~ l r d c c  w I ~ ) s e  d) is close* to  0' will he unable to  

ar~alyscd by a t two-l)o~~r~cc. nlodcl. As t 1 1 ~  nwan for d) is mucli sn~a l lc r  than 0, we 

can cxpcct thcrc to  I)(. sr~rfac.c.s t l ~ a t  car111ot I)(. a ~ ~ a l y s c d  with a two-holincc model, 

yet can still he analyscd with a ont . - l )ol~~~cc 111odcl. The  t,hrcsliolds for both 0 and d) 

must, rely on t llc accuracy of t 1w f i l l i t  c. dirncnsional rnodcl of surface reflectance, and 

(for  the cascb of rcal images), c~slwrirnc~ntal prwision. 



Chapter 7 

Reconstructing Multibounce 

Colours 

1,c.t us now revisit q u a t i o n  4 .3 .  As statcd carlicr, i f  we know E(X) then the  matrix 

A can be prccomp~ltcd.  Wit11 3 scvtsor classes antl 3 basis vcctors this will be a 3 x 3 

matrix.  To  ohtain a sol~lt ion t o  rr for any sc.1 of t r i s t i m ~ l l ~ ~ s  values p, we can simply 

allg~ncwt A wit 11 p alld sol\.c 1 I I C  ~ ~ w l t  ing a ~ l g ~ ~ ~ c w t c d  mat rix. Knowing o allows us 

t o  r<w)ns t , r~~c t  a f i ~ ~ i t c - d i ~ ~ ~ c ~ r r s i o r ~ a l  approximation t o  ,C(X). I h i n g  so for surfaccs A 

a r ~ d  11 would provitlc us wit11 S A ( X )  antl SH(X) .  I i l~owing 1 5 ( X )  and tllcse two surface 

rcflcct anccs allows 11s to  cmnst ruct any 1111nl1)cr of mult i-l)ou~tcc colour cornponcnt s ,  

limi t c d  only by t Ilc prc&ioll of o11r rcflcct ar~cc. (.st inlat c>s. 

I f  hot 11 /<(A) anti [<,,.(A) co~t t  rihutc. I I O  c ~ r o r s  (ic. arc  known precisely), thcn errors 

i l l  ,'?(A) will Iw due. to  t , l~c  f i r l i t ( .  tlimcwsional 111otlc1 of surfacc rcflcctancc t h r o ~ ~ g h  

limitations O I I  t 1 1 c x  1 1 1 1 1 1 1 l ) e ~  of hasis vectors ,( ; , (A) a ~ ~ d  through our  choice of these 

v c ~ t o r s .  O f  cor~rsc., or11 side of a s y ~ ~ t  11c.t ic cvlvirol~rnc~~~t t ltcrc. a rc  01 her con1 r i h ~ ~ l i r l g  



T h c  response of t h e  k t h  receptor class p k  t o  (? ( ' ) (A)  is: 

We construct  the  tlrcorctical p ( f )  as a thrcc  component vector for which E(X),  R(X), 

SA(X), and  SB(X) arc  krlown. T h e  estimated p( ' )  is constructed similarly, with t h e  

exception tha t  SA(X) and S H ( X )  a rc  ol)taincd through a finite dimensional model of 

surface rcflcctanccs. 

T h e  accuracy of the  cst i l~ra tcd C("(X) from wllich p(" is measured varies accord- 

ing t o  that, of t he  t Ilc two rccol~st r l~ctcd rcf lcctancc~ S A ( X )  and  SH(X) .  Whilc the  

t,wo rcconst,ructcd C ' ( O ' ( X )  a rc  ~nc.tamers of the  actual no-homcc  colour signals, rc- 

constrr~ct~ctl ('("(A) for I 2 1 will not ,  in gcmclral, 1w nrctarncm of product signals. To 

cxarnin(~ t I I C  clfcct, of  t , l r ( \  i1iffc.t-cnw 1)c.t w c ~ ~ r  t I I P  t Ircord ical o ~ r i ~ l ~ o l i n c c ~  colol~r  and that  

protluccd t hro11g11 rccolrst r11ct ion of s~irfac,c rof lc~t  arrcc.s, a11 possihlc conihinat ions of 

t 11c sct of 463 Munsi.11 s ~ ~ r f a c c  ~ d l c c t  a n w s  oh1 a i d  from 13rainard and  Wandcll [2] 

wcrc analyscd. 

7.1 Assumptions 



must not be constant (ie. white or grey). Tlw effect of relaxing this for one surface 

will bc investigated in chapter S. 

Wc must also makc sornc. assumptions regarding the imaging geometry. With 

respect to  reconstructing the m~i l t i l )o~~nce  colours, int,crrcflection is limited to that 

bctwc.cn two surfaces. l~ur t l~c~rmorc ,  t11c.r~ must be a t  least one facet on each sur- 

face where intcrrefltction is either absent or nc~gligihle, and we have obtained filter 

responses for those faccts. f h t  h facets must be illuminated by the single known 

illuminant,. 

Finally, we assume. t h e  filtvr scvsit ivity f1111ct ions /IA ( A ) ,  k=1 . .3  arc known. This 

is a co~m~non a s s ~ ~ n l p t  ion, oft c.11 1101 c~xplicitIy st atcd and rarely relaxed. 

7.2 Implementation 

(+(,it?) ( A )  = /:'(A) 9 " A )  ? ( A )  



a.nd the two-bounce colour for surface A 

3 A R A  

C ( , ~ ~ " ) ( A )  -r B(X) Si(A)ni n, oi . 
i= 1 

T h c  two-bounce colour for surface Z3 was reconstructed in a similar manner. The  

RMS and A E  crrors b c t w c c ~ ~  the signal of (.quation 7.3 and the reconstructed met- 

arncr of cquat ion 7.4 w c ~ c  thew nlcmured, and st at ist ical results gathered. Statistics 

wcrc also ol>t aincd of crrors for t11cl t w o - h ~ n c c .  signals as dcscribcd by equations 7.5 

and 7.6, and the surfac.~ R cquivalcnt ccluations. 

In addit ion t o  t lrosc of colour signals, crrors bet wcvn t hcorct ical and reconstruct cd 

t rist,imulus values for t,hc t,llrc.c sets of f i l t c~s  wcw measured. As A E  describes diffcr- 

cnccs of colour signals ~uc~as~irct l  llrrough CTE Standard Ol>scrvcr filters this was not 

~iscd for thc. tristimulm vallics. Instc.ad, an angular error was employed, describing 

t he angle (in degrees) I)ct wcwr 1 11c t hcorct ical and rc~corrst ructcd vectors if rooted at 

the origin of t h r w  tlimcwsional colour space. 

Frorn tire c~xlra~istivc~ set of s~~~.facc.s, test cases were sc.lcct,c~! to  display specific 

t y p c ~  of crrors. 

7.3 Results 

7.3.1 One-bounce Colour Reconstruction 



( ' ( ' ) (A)  as scvw 111ro11gh tlrc St andartl Ol )s (mw and translating t o  L *u *v* coordinates 

by the set of equations 2.4. We sl-lol~ld thus use this measure of error for comparison 

of diffcrcnt illurninant s,  and for diffcrcr~t C(')(A) rather than as a comparison between 

sets of filters. It is also 11scfu1 for providing 11s with a pcrccpt,ion of the  crror in colour 

signal recons t r~~ct ion ,  as A E  = 1.0 indicates a just-noticeable difference, as defined 

hy the I,*u*v* coordinate system. 

M i n i m ~ ~ m  and maximum wrors show considerable sprcad for all filtcr systcnis 

11ndcr both i l l~~rninants .  Wlrilc some colour signals arc nearly p e r f d l y  modeled by a 

finite dimcrrsional nmtl(.l with t l r r ( ~  dcgrccs, o t l i c~s  arc quite poorly modeled. Very 

high errors can 1 x 3  c.xl)cctcd with a product of two poorly modeled surfaces. 

Tahlcs 7.3 and 7.4 irrdicat(. a slightly 1)c.t tcr mean RAlS crror for reconstruction of 

p ( ' )  under I>(;5 1 ha11 32001<. I Iowc~~cr ,  S I I I C C  our goal is t lie d ~ c o n ~ p s i t  ion of surface 

p as linear coml)inatio~ls of p('), t h r  n~os t  sig~rificant indicator of one-bounce rolour 

rcconst r l~ct  iolr is t hc. i l ~ l , t ~ ~ ~ I a r  error. [Jsirig this mc~asllrc, tlrc :3200I< illurninant gives 

slig$t ly 1)c.t tvr mean cwors 1111dc'r ill1 i l l ~~ ln ina l~ t s ,  wit 11 1nltc1i s~llallcr 11laxini11ni errors. 

For both nrcarr and n r a s i n l r ~ ~ r ~  errors, t I I C  liodali filters providc bcttcr results. 

7.3.2 Two-bounce Colour Reconstruct ion 

I h r  application of a t wo- lm~ncc  ~nodcl  of i~rtcrrcflcct ion, a t hird colour signal c (~)(x)  

and r<w~lt, i  ng rc.sponsc. wet  or p(') nmst 1w rcwmst ruct c d .  

Tahlcs 7.5 alrd 7.6 dc>lrlonst rat(. on(. prohlcnl wit 11 extending the  niodcl of intcr- 

rcxflcct ion t o  two h o ~ ~ n c c s :  as i ir~crcasc.s, the  crror in  rcconstructcd signal C("(A) 

ir~creasc-s co~rsitlcrahly. 'l'lrc. rclat ivcl pc~for111ai1cc.~ of t l lc t  t l ~ r c ~ '  filters under t t wo 

illrlmirlants rc~r~air ls  n lwh  t \I(. sanrc\. 

The rcwxlstructcd p(2) of ta l~ lcs  7.7 a ~ r d  7.8 also S ~ I O W  siniilar incrcases. IJnder  tlrc 

320011' i ~ ~ ~ ~ r ~ ~ i r ~ a r r t ~ ,  t l ~ c .  i i~~gl i lar  (mar allnost prcv.-isc1y ~ O I I ~ ~ C S ,  whi1c n65 provides a 

rnodcrat c. incrcmc. 



Table 7.1: Error stat istics for rcconst,ruct,cd c(')(x) under 32OOIi' illuminant,. 

13rspon.w 
P ~ l t  rl=c 

Std. 0I)scrvcr 
Sony IIXC-151 
Kodak Filters 

'I'ahlc 7.2: Error statistics for rcconst ructcd C( ' ) (X) undcr Ds5 illurninant 

Nrspo tisr 
l ~ i l t  c I-s 

Std .Obscrvcr  
SonyDXC-1-51 
Kodak Filters 

Ir'rsponsc t t i ~  I 1nu.rim11111 
Pdt P I-.S drq. RAILS' dc.q. 13AfS 

Sttl. Ohservcr 0.0 0.0 9.6 16.8 
Sony DXC-I51 0.0 0.0 8.9 15.5 

7n in I 111 1~711  

l'ablc 7.3: Error statistics for rccoi~structcd p(') under 3200K illurninant. 

A E  
0.0 
0.0 
0.0 

11'h.IS 
0.9 
0.8 
0.8 

max imum 

- 
m in it,, urn 

7 'a l ) l~  7.4: Error st at ist ics for rcv.mst rr~ctcd p( ' )  under /IB5 illuminant. 

AE 
138.6 
118.5 
127.8 

A 
0.0 
0.0 
0.0 

~t'rsponsr 
fi'ilt t I-s 

S t , d . O h s e r v c ~  
Sony DXC-151 
Kotlak Filt,ers 

1lMS 
124.6 
67.9 
64.2 

ni fan  

12A165' 
0.7 
0.7 
0.6 

rnn.rirn~r~n 

A E  
4.6 
8.2 

12.1 

std. dcv. 

A),' 
133.1 
154.4 
190.6 

RMS 
13.9 
12.1 
12.4 

AE 
6.2 
9.4 

11.2 

RAlS 
I4Fi.G 
77.9 
75.7 

in rn 17 

R M S  
10.9 

S.2 
8.5 

A 
5.0 
9.6 

11.3 

sfd.  d m .  

11) 17) i m ~ r  n )  

I?MS 
4 
13.1 
13.4 

A E  
6.8 
9.4 

13.2 

' 

d l .  
0.0 
0.0 
0.0 

std. drv. 

Rh4s  
10.8 

S.4 
8.8 

N M S  
0.0 
0.0 
0.0 

dcg. 
1.2 
1.1 
0.8 

rri n ~ i r n u  117 711 e n 11 

RMS 
0.7 
0.7 
0.6 

. 
20.8 
I .  
12.0 

. 
1.0 
0.8 
0.7 

R A ~ S  
11.9 
7.1 

77.0 

R M S  
0.6 
0.6 
0.4 



Il'rsponsc / minirn~rm 1 mnxirnuitz I mean 1 std. dev. 1 

'I'ahle 7.5: I h o r  st at ist ics for rcwmstjruct8cc-1 C(2)(X) ~lnclcr 32001; illurninant. 

Fill r l:c 

Std .  0l)scrvcr 
SonyDXC-151 
Kodak Filters 

Tahlc 7.6: Error st,at,ist ics for rcconst t.uctctl C ( 2 ) ( ~ )  under Ds5 illurninant 

ll'rspo itsf 

l('i1t r I-.$ 

St (1. 0 l ~ ~ v c ~  
Sony DX('-151 
Koclak Filters 

A E  
0.0 
0.0 
0.0 

7'ahlc. 7.8: 1Srror st,atist ic-s for rcvmst r ~ ~ c t c ~ l  p ( 2 )  under D6,5 illurninant. 

OhlS 
0.7 
0.8 
0.9 

l<rspoi~sr 
l<'ilt f I-s 

Sttl .Ol)scrvc~r 
Sony I)X('-151 
Kotlak I T i l t c w  

A E  
393.0 
286.8 
548.8 

11) 1 I I I I I ) ~ I T ~ )  

n h l s  
143.9 
98.4 

101.8 

I 

Ai:. 
0.0 
0.0 
0.0 

A E  
11.4 
15.3 
18.7 

I 
0 
0 
0 .  

in (1.r1in 7 1  172 

I H ~ T I I ~ ~ ) I I  111 

Ah' 
304.7 
2 1 5  
,512.3 

d c g .  
0.0 
0.0 
0.0 

RhIS 
18.2 
16.7 
17.2 

/ { A t $  
175.9 
121.0 
1~19.6 

11)rnll 

RAIS 
0.0 
0.0 
0.0 

1t1 nxr i r~~ iv )  

1 
12.6 
16.3 
11.7 

 id. dell. 

d 
20.6 
1 . 2  

178.8 

A E  
14.3 
18.6 
18.7 

1l'AlS 
I . !  
17.5 
17.9 

A E  
16.1 
18.3 
19.0 

RAlS 
35.8 
28.1 

200.0 

11l f  nu 

RMS 
13.9 
12.0 
12.7 

NMS 
13.6 
11.7 
12.3 

std.  dcv. 
d f g .  
1.0 
1.2 
0.7 

dcy. 
1.2 
1.3 
1.8 

l lhlS 
1.8 
2.2 
1.1 

RMS 
2.1 
2.3 
2.4 



Chapter 8 

Surface Colour Decomposition 

Wit 11 stat is1 ical i~lforrnat ion gat l~( 'r(d for scl(~ction of t cst cases and t lie underlying 

~ n c t  hod now i n  place for rcconst r~ict  ion of mult i h o ~ ~ ~ ~ c c  colours, we p r o c < d  with de- 

cx)n~posit,io~~ of cololirs from intcrrc>flccting slirfaccs into shading and intcrrcflcction 

ficlds. Synthc.t,ic in1agc.s will first I)(. used to  test t11c algorit,lini with controlled as- 

s~imptions,  and in tllc. al>sc~nce of cxpc\ri~ncwtal ~ ~ o i s c .  Real i ~ n a g e  countm-parts of t hc 

syr~t,l~c>t ic iniagcs arc3 t , l ~ c ~ r  d c ~ o ~ ~ ~ p o s c t l .  I h r  all tlccornposit,io~~s t,hc recovered shading 

field is c>xamincd, and t he i n ~ p r o v c m c ~ ~ t  this field provitlvs over "sllapc.-fro~n-shadi~~g" 

(ic. shape wconstr~iction using iinagc ir~tcnsity) t lc~~lonstratcd.  

8.1 Assumptions 



is stror1gc.r than simply requiring the relative reflectance spectrum S(X) to  be 

invariant. The  latter assumption can be used i f  the  recovered shading fields arc 

not t,o be used for surface shape rc.construct,ion. 

3. T h e  scwsit,ivit,y funct,ions Rk(X), 1;=1..3 arc known. 

4. Thc rclat,ive spectral power dist,ribut.ion E(X) is known. We need not know the 

absol t~te  intensity. 

Ti. I l l~~minant ,  intcmity remains constant over each surface patch. 

6. Only two s11rfacc.s arc i ~ ~ t c m d l c c t i ~ ~ g .  This a s s~~ lnp t ion  can be relaxed to  thrce 

snrfacc.~ using a o l ~ ~ h o ~ ~ n c c ~  111odo1, h ~ ~ t  this will not he invcst igatcd hcre. 

7. Surfaces do not have a fiat spectral rc%3ancc curve (ic. arc not white or grey). 

The  affect of relaxing this ass11111pt ion for one sl~rfacc. will bc demonstrated. 

8. Tlicrcx exists a point on mc11 surface whcrc intcrrcflection is insignificant or 

r~oncxistmt,. In real in1agc.s this will he takcn as a point flirthest from the. 

adjaccwt surface, and the r (w~l t  s will I)(' afl(3c.t c d  t o  t 11c cxt cnt the  assumption 

holds. 

8.2 Algorithm 

2. Ol)t,ain p ( A )  anti fro111 points on t,ll(' t,wo surfaces A and B whew intcrrcflcc- 

t,ion is noncxist,cnt, 01. ~~c.gligil)lc. 



Tahlc S. 1 : (lolour signal rc~ons t~ruc t  ion errors for selected cases. 

Signd 
c(*')(x) 
c ( ~ ' ~ ) ( X )  
c ( ~ " ~ ) ( X )  

5. For both surfaces, calculate the vcctor angles O and 4 using the  method de- 

scribed in chapter 6 and compare with predetermined thresholds. If 0 is bclow 

its thrc~sliold, ~ I I C I I  a s11al)c-frorn-sl~ilding nlodcl will I)c used for that  surfacc. 

Otlicrwisc, if  qj is bclow it,s t l ~ ~ w l l o l d ,  tlicn a one-11o11ncc modcl will be used. 

Ot hcrwisc, a two-bounce rnodcl will 11c used. 

6. For each pixd at location n. on c.acli surfacc, c a l c ~ ~ l a t c  t l ~ c  ficld coc45cient,s dc- 

pending on  t l ~ c .  s c ~ I ( ~ ~ t c ~ 1  ~notlcl for 1 l ~ a t  surfaw. For a t wo-hol~nce model iisc 

thrcc. equal ions in 1 h r ( ~ .  ~lnknowns of t lie form t1cscril)cd in equation 5.7, and 

solve for t11(. shatling fidd and one-l)ouncc and t wo-bol~nce intcrrcflcction fields 

using u s i ~ ~ g  ally li~rcvr ~ilt.t,\~od. 1:or a o l lc - l~ou~~ct .  ~nodc l  use three cquations in 

two unknowns of 1 1 1 ~  for111 tlcscrilwd in equation 5.4, and solve for the shad- 

ing ficld and on<.-l)ol~r~cc. intcw-cflcct ion field using a linear least-squares fit,. A 

no-ho~~r~cc.  motlcl s i ~ ~ i p l y  I I S ~ Y  color~r ir~tcwsity as t he shading ficld. 

8.3 Selected Cases 

A E  
2.3 
7.7 
2.8 

IiilfS 
4.S 
7.6 
5.9 

A E  
116.5 
54.8 

2G4.7 

RhfS 
31.S 

9.6 
63.4 

A E  
19.S 
16.0 
53.3 

RMS 
11.0 
11.7 
7.9 



Case I Case 2 Case 3 

Tahlc 8.2: Colour rcy)onsc rcconstruc tion errors for selected cases. 

'I'al)lc 8.3: Con~parison of anglcs (dcgrccs) for p of act 11al nlodel and for rec~nstrl lct~ion 
of twt  caws. 

Angle  
0 A 

O R  

4B 

8.3.1 Test Case 1 

Murrscll surfacc>s 1 O W G  614 ( I ) l r~c~-grc~v)  and 51' 5/G wcrc clrosm as rc3prcscnt at ivc of 

As ohscrvcd in 1 able 8.1, t I I ( .  c ~ r o r s  in rcconst ruct ion of tlic colour signals comparc. 

Casc I 

'This can I,(. at,trihlitcd t,o the-ir snioothly varying s p c ~ t r a l  rcflectances, as shown in 

figurc 8.1. Tl~c~sc~ rcwlts  directly affect the colollr responses in tahle 8.2, which also 

compare favourahly t,o 111ca11 errors fo1111d in 7.3 and 7.7. 

I n  t al,lt. S.3, 1 I I P  cv-ror I~ct  W(YW 0 for an ideal 1110dc'l ( w ~ I ( T ( ~  p arc known prcciscly), 

modcl 
9.5 

12.S 
3 . 0  
6.5 

for hot 11 s l l r facc~ arch t,llus Ial.gc> cwo~iglr to  c.valuatc t hc pcdorrnancc of a hot ll t hc. 

Cast? 2 

8.3.2 Test Case 2 

r ~ c o n .  
9.7 

0 
1 .  
6.6 

modcl 
10.0 
411:1 

1 .4 
6.2 

Case 3 
e w .  
0.2 
0.2 
0.5 
0.1 

model 
24.3 

0.1 
0.0 
0.2 

recon. 
12.1 
42.8 

1.6 
11.0 

err. 
2.1 

-1.6 
0.2 
7.8 

recon. 
23.7 

0.5 
0.0 
0.2 

err. 
-0.6 
0:4 
0.0 
0.0 



Wavelength (nm) 

In  con1 rast, t o  the s1lrfacc.s of Case 1 ,  t Ilc s p c ~ t  ral reflect ances for Case 2 are poorly 

modclcd by a finite tlimcnsional motlcl of dcgrw throe (see figure S.2). As a result, 

the  on(.-bounce. and two-bounce colol~r signal crrors in tahlc 8.1, and the tristimulus 

values in tal)lc 8.2 arc large. 

Intcrcstingly, hot 11 I )  of t hi. r c ~ o ~ ~ s t r i ~ c t c d  p in tal,lc S.3 are quite close t o  those of 

the model, providing thr. possil)ility of oht ailling rcaso11al)lc resi~lts from a one-11oi1ncc 

mo(lc.1 in spite of t I I C  poor colour signal rcconst ruct io11. Val11c.s of and d B ,  on t he 

ot hcr hand, i~ltlicatc that a t wo-l~oilncc inoclcd sl~ould riot I,c at tempted with thcsc 

sl1rfacc.s. l ' l ~ c  former angle is n111cl1 too small, whilc the latter has an unacccptal~lc 

error. 

8.3.3 Test Case 3 



Figure 8.2: Act,ual and tnotlclctl spcct,ral rtdlcctances S(X) for casc 2 surfaces A (red) 
and B (blue). 

- 

- 

- 

- 

the p r c v i o ~ ~ s  casc, thc red siirfacc~ also providcs the. adtlitio~lal property of having a 

poorly reconst r~ict  ctl color~r signal. 

As f i g ~ ~ r c  S.3 shows, t h .  grey surface is n~odclcd vc3ry well by the finite dimensional 

model, 1)11t red is poorly 111od(+d. 'I'l~is r e s ~ ~ l t s  i l l  rc3lativcly large. signal rcconstri~ction 

errors in tal)lc 8.1. This is not reflected in the one-ho~~ncc. colour rcsponsc in table 

8.2 hc~-a~lsc> t11c product of t11c two signals is closc to  lwing a scalcd rcsponsc of that 

for the original red s i ~ r f a c ~ ,  wl1ic.11 wt. rcconst r i~ctcd f~ om t rist iniulus values oht aincd 

clircd ly fro111 t 11c iinagc.. 

In tal)lc 8.3, wc. find O R  t o  lw closc to  0'. 'l'llis is cxpccted, since thc  no-bouncc 

red signal rc.flcct ing froln 1 1 1 ~  grcy s~irfacc. is just an at t cnuat c d  red signal with the 

sanlc spectra. Wc t ,hl~s o~ i ly  I~oljc t o  1 1 s ~  a no-l)ouncc> motlcl for si~rfacc B. MJc can. 

howcvcr, st i l l  i ~ s c  a on(.-bounce mod(~l for Surface A .  Ol)vio~~sly a two-bounce model 

Surface A Reconstructed 
Surface B Actual 

.- - - - -  

I I I I I I I 

is not possible given tJI1c values of 4. 

400 4 50 500 550 600 650 700 

Wavelength (nm) 



Surface A: Actual 
............ Surface A: Reconstructed 
- - - - -  Surface B: Actual 

Surface B: Reconstructed 

Wavelength (nm) 

1:igure 8.3: Actjlla1 and niodclcd sped  ral rcflcct,anccls S ( X )  for casc 2 s~lrfaccs A (grey) 
and I3 ( rcd) .  

8.4 Reconstructing Surface Shape 

To illust,rat c. t, h c  imprown~cn  t t lie rcvxwrcd shading fic3ld can provide over image 

intensity for "s l~apc- f ron~-s l iad i~~g~ '  met Ilods in t,hc prcscxncc of int crrcdlcction, a sim- 

ple surface shape recovery algorithm can bc implcmc~nted along the one-dimensional 

surfaces. That is, given known .r and constant y, the  third dimension 2 can be found. 

For 1,amlwrtian s11rfac.c~ il l~inii i~atcd I)y a parallcl beam of luminous flux E ,  with 

angle an l)(lt wcw~  fi; anti t 11c s ~ ~ r f a c c  i~ornial  11 ( s w  figure S . 3 ) ,  t h e  resulting lumino~is 

ir~tcrlsity I of that  wrfacc is givcw I)y [3 I ] :  

Norn~ally, c.q~iaf,io~l 8.1 w o ~ ~ l d  11ot bc valid for a one-dimensional synthetic edge 

gmcratcd by t h e  radiosity ~ n c t l ~ o d ,  since an isotropic r a t l~c r  than parallel beam il-  

Il~rriinant is used. In this casc, tlowcvcr, hoth g c n c r a t d  surfaccs are fiat, and the  

c f f ~ t s  associated with isof rol)ic and parallel beam illurninat ion arc idcnt,ical. For the 

p ~ ~ r p o w s  of illlist rat io i~  t l lc '  ~ S S I I I I ~ ~ ) ~  ion can he niatlc that they wcrc. illr~minatctl hy a 



Figure 8.4: Ray gco~ i id ry  for Iun~inolis i~~tc i i s i ty  I of a 1,amI)ertian surface resulting 
from illurnir~at~ior~ hy I~iininous fI11x 11:. c is thc angle lwtwccn surface normal n and 
thc direction of 15. 

parallel light so~rrce placed direct ly ovcrlwad. 'rhis assumption would not h a w  been 

possihlc had 1 1 1 ~  intlivitlual s~irfacc. shapes hccn c~irvctl. 

Since the. illuniina~lt for rca1 images was posit ioncd dirwt ly above the intcrreflcct- 

ing cdgc and is assrinlcd to  l)c dirc.ctly al)ovc thc cclgc for synthetic images, thc 

orientat ion ( 0  of facets n-0 furthest from the cdgcs on each surface is known to I)c 

4.5'. We assume t l ~ a t  shape has Iwcv reconst r~lctctl correct ly 11p to  thcse points since 

ir1tc~rrc4c~ct ion is ncgligiblc. 

J':q~iat io11 S.l can I)(. rc~fori~~rilatcd as 



CHAPTER 8. SURFACE COLOIIR DECOMPOSlTION 

where I, is either the shading field or colour intensity of facet x,. 

To complete the reconstruction, surfaces must also bc  assumed to  vary smoothly 

(which is consistent with the assumption that  image segmentat,iori has already bccn 

Iwrformc.d). Each successive facet is thus connected to  the previous facet, with rccon- 

st ruct,ion beginning furthest from the edge. 

8.5 Synthetic Images 

8.5.1 Constructing the Images 

'1'0 evaluate the algorit l~m in the absence of cxpcri~ilcr~tal  noise arid measurement 

errors, synt 11c.t ic irnagcs of t h e  sc.lcctcd tcst cases wcre generat ed. Thcsc arc mul- 

tispc.ctra1 irnagcs of thcorctical cdgcs conlposcd of two scm-infinit(. planar surfaces 

illumiriatcd hy diffllsc light. T h e  radiosity method descrilwd in [6] is used to  provide 

a good s i m ~ ~ l a t i o n  of intcrrcflcction hctwcen two surfaces. l ' l~is  is an iterative rilethod 

in which each surface is divided into a numl~c r  of facets and the  colour spectra of 

each facet rcsr~lts from that enlit tctl from thc surfacc and thosc reflected from colonr 

signals being emitted from all others (as described in the general radiosity equation 

3.1 ). Using the itnagc gco~nc.t~ry of figure 8.5 ,  t he nurnlwr of interreflecting surfaces is 

reduced to  two, and a o~~c~- t I i t nc~~~s io~ ia l  intcrrcflccting cdgc (ie. a single slice through 

the two plancls) was cot~st r ~ ~ c t ( d .  Colour signal r A ( w n ,  A )  eniatlating from surface A 

is itcrat i ~ c l . ~  gcncratcd l~sirlg isotropic i l l~~nl inant  E ( A )  as 

?(wA, w B )  i s t  lilc wavclctigt 11-indep(mdc~~t co~~ji~qrrlnt ion factor representing 

t,hc contriblltion from i~ilitlitc~simal awa W B  t o  infinitesimal arca w ~ .  This is given by 



f2igurc 5.5: Gcornctry of a semi-i11finit.e edge used to  sirnulatc int,crrcflcction between 
t,wo planar s~irfaccs A arid B with opening angle P.  

8.5.2 Implementation 

]:or cacti ~ ( ~ I c c t c d  fcst  case a sy~ltllctic image was gc~lcrated with surfaces kiaving 

spc~ctral rcflcctanccs S4 (X)  and SH(X). The  spc3ctral powcr distribution of the DG5 

standard i l l r~n~inant  was ~ iscd  as isot ropic light sorircc E(X). Edges were generated for 

t h c .  t,lircc sets of f i l t c w  (CIIS 1931 standard ohserver, Jiodak #25 (rcd) ,  #58 (green) 

and #47b ( h l l ~ c ) ,  and tlw Sony I)X('-151 C('1)). Ail opcning angle /? of 90' was r w d  
i l in all sirnuliitio~ls. 1 his anglc was ellosen as being rcprcscntative of a large percentage 

of man-nladc ol)jccts. For c~xainplc, t h  walls of a room typically meet a t  90'. TI,(. 

c4fect of varyi~lg illis a ~ ~ g l c  has hccw invc.stigatct1 [(i, 211, wit11 iritcrrcflcction i ~ i c r c a s i l ~ ~  

as [? tlccrcmcls. 

Tlic decomposit io11 algorit,ll~n dcscril)cd in sect ion 8.2 was applied t o  the synthetic 

itnagcs. 7'11~ rcsl~lt irrg sliadir~g ficdds were t 11cn plot tcd agai~is t  those obtai~ied throllgh 

calcrilatior~s using t l ~ ( .  known va1l1c.s of SA(X) and SH(X) and the same model of 

irlt,cw-cflc~c.t io~l .  
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8.5.3 Results 

Test Case 1 

Applying a one-bounce int<~rrc4lcction modcl to  the  synthetic image of t,est case 1 

(hluc-green and purple surfaces) resulted in shading fields very close t o  the actual 

constant value of 1.0, as shown in figure 8.6. The  theoretical model (with known 

SA(X) and SH(X)) ,  represents thc best we can hope for using thc model. As we scc, 

t,he recovcrcd fields of both surfaces follow this very closely. While surface A has a 

smaller error wit ll r cs l )c~t  to  t , l~c ~notlcl ,  hot 11 t he modcl and recovered shading fields 

of surface fi arc closer t o  t h o  act ml rnodcl. 

Application of a two-bounce. modcl t o  thc tc.st, image is shown in figure S.7. While 

t 11c rccovcwd fields arc both sligl~t ly improved over t l~osc  of a one-bouncc model, the 

theoretical model r c s ~ ~ l t s  arc n~isct l .  \.Vc scc that toward the edge, surface A shows 

an ilrlprovcmmt in absolute distance from the actual shading field, yet surface Z? is 

poorer. Furthcrtnorc~, the c v o r  bctwccn actual and theoretical models has approxi- 

mately douhlcd. This is likcly a ~i iorc  significant factor in a real i n ~ a g e  environment 

wl~ich is prone to  atlditional so~lrccs of cbrror. 

To put t l ~ c  shading field results into pcrspcctivc~, obscrvc. figurc 8.5. Reconstructiorl 

of surface shapc using c o l o ~ ~ r  i t r  t c l~si ty  r t ~ u l  t,s i l l  the  sllrfacc. being "shallou~er" than 

i t  act~lally is. The. onc~-ho~~ncc~  r i ~ o r ~ s t r ~ ~ c t  ion is shown for comparison. Figure 8.9 

is a magnificatior~ of t 11c s~trfaccs close t o  tllc edge, displaying reconstructed surface 

shape from t hc rc~covcrcd one-hour~ce and 1 W O - ~ ) O I I T I C ~  shading fields. Although t he 

two-bounce reconstructiol~ is slightly hcttcv- t l ~ a n  the one-bounce, one should note the 

lack of significance of such an improvement, since bot 11 models reconstruct the surface 

very closc t o  t h e  act~ral  shape.. 

Test Case 2 

'I'hc second test case ( r d  and blue surfacc3s) was chosen \ ) c ~ a u s e  of poor colour signal 

r<y-onstr~lction for 1)otlr s~lrfacc>s, as shown in figlire 8.2. IIow<~ver, table 8.3 describes 

I;lrgc O with small crrors for I)ot11 surfacc.s, leading us t o  expect good results. Referring 

to  figllrc. 8.10 wi. s c ~  t l ~ i s  is so: t llc absolr~tc shading field crrors are close t o  those of 
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f?igurc 8.6: 'ks t  case 1 shading ficlils using one-bourrce nlodcl. Vrrtical line replescnts 
d g r  bet wcrw s ~ ~ r f a c c  A (I) l~~r-gr(uw) 011  Icft and surfacr 13 (purple) on right. 
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.. . . . . . . . . . . . Shape From Intensity 
- - - - -  Shape From Shading Field 

Figlire 8.8: Shape from i n t m s i t , ~  and from o m - l m ~ r l c c ~  sllatling ficld for test case 1 ,  
with surface. A on left, and surface 13 on r igl~t .  



case 1 in figure 8.6. 

In figure 8.1 1 we observe a smaller shape from intensity error than the previo~ls 

casc, indicating a I c w c v -  amount of interrefkction betwccn the  red and blue surfaces. 

'I1]lis is expc~ctcd sincc the product of two spectra with distributions close t o  oppos- 

ing ends is one with a small magnitude throughout the spectrum and reduced filter 

rc.sponses. The  effect is most apparent on the red surface, as it has a greater basic 

colo11r intensity with rcspcct to  its one-bounce component. Even wit11 a lesser amount 

of interreflection, the shading field of the one-bounce model is significantly better as 

all cstirnat or of act 11al shapc t lian simple colour intensity. 

Test Case 3 

'I'est casc 3 is 1 l ~ c  ~~~~~~~~~~~~ate case whercx s11rfacc3 '4 has a flat spectral rcflcctanct. cllrvc 

(see I 3 )  Sinw ('(")(A) has t.he same spcct ra1 distribution as E(X), C(H)(,j) 

arid C(AH)(X) are i~r<l i s t , i~~g~l i~haI j le  except for their intensities. We see this in tahlc 

8.3, with small O H  for hot h the model and reconstruction. This small angle indicates 

{,hat p(R)  and p ( A H )  arc. close. to  bc41lg linearly dcpcndcnt, so p" cannot, be decomposed 

into its no-bou~icc and one-bounce components. 

Alt hougl~ s~~rfacc. B c a n ~ ~ o t  be analyzed with a one-bounce model, surface A can. 

'I'ahlc 8.3 shows a reconst ruct,cd O A  of 23.7' wit 11 a vcry small crror with rcspcct t o  thcl 

~noclcl. We cannot 1 1 s ~  a two-1)ounce model howcvcr, sincc @4 is 0.0. The  rcsulti~lg 

shading fic4tls arc. displayed i n  figure 8.1%. 

Figr~re 8.13 tlcrnonstratcs the higher dcgrec of crror in shape from intensity due 

to  grcat,er i l~t,c>~~sit  ics of cornmon wavc~lwgt hs with respect the surfaces in case 2, in 

I)art,ic-~llar twtwccn 600 a ~ ~ c i  700 u n ~ .  1icc~on~t~r11ction of surface A using the shading 

fic>lt] of t , l ~ c .  onc*-l)o~~ncc~ ~ i iod (~ l  providcs a much closer cstinlatc thari that  of colour 

illlc.nsity. 1711fort11nalc~ly, wc3 ca1111ot use the one-l~olincc model t o  improve shapc 

r c ~ o n s t  suct ion for surface 1). 
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I4'igurc 8.1 1 : Shape. fronl intcwsit y and from one-bounce shading field for test case 2, 
wi th  sl~rfacc. A (rcd) 011 Icft and surface 11 (I)luc) on right. 
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Actual Shading 
... .. .. . . . . . . Theoretical One-Bounce 

Reconstructed 
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Ipigure 8.12: 'I'c~st caw 3 slladirig ficlds using the one-bounce model. Vertical line 
rcprcscnts cdgc bctwcc~l surfacc A (grey) on left and surface I? (red) on right. Dc- 
composition is not, possiblc for s~lsfacc. 13 rlsing this modcl. 
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I+'igur(> 8.13: Shape from intensity and from ow-bounce shading ficld for test case 3, 
wi th  silrfacc A (grey) on Icf t  a l ~ d  surface. 11 (red) on right. One-bounce reconstruction 
cannot h r  pc~rfornicd for srlrfacc 13. 
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Real Images 

Sl~rface c o l o ~ ~ r  dccomposit ion has proved t o  be fairly robust within a synthetic cnvi- 

ronmcnt, where control is maintained over the environment and assumptions can be 

cclrt,ain to  hold. Real images, on the o t h c ~  hand, provide us with conditions that  arc 

somewhat less than ideal. Random noise, imperfect Lamhertian surfaces, varying il- 

Illlnination, and imprccisc knowledge of camera sensitivity functions all contribute t o  

errors in the decomposition process. Although we can only hope t o  approach the re- 

srllt,~ ol~taincd with synt hctic irnagcs, wc. still cspcct t l ~ c  one-lmunce model of nlllt~lal 

illumirlat,ion to  he approximated. 

Wllcrcvcr possible, the. cq~ l ipn~en t  properties and imaging geometry of the syn- 

thetic environment were d~~p l i ca t cd  for obtaining real images. Five 3 x 5 inch mat te  

M,lnscxll p a p c ~ s  correspor~ding to  the chosen surface reflectance ctirvcs were obtainccl, 

and a 10001V 3200I< tungsten-halogcv lamp and Sony DXC-151 CCD camera were 

Ilscd. ?i, rc~dlice t he possibility of responses to  signals beyond 700 nm, a Iiodak 

301-A infrared filter was placcd i11 front of the camera lens. Its transmittance curve 

is  shown in figure 8.14. In addition, the camcra required calibration to produce linear 

rcspon scs. 

8.6.1 Obtaining Linear Responses 

?'here arc t,wo propc.rtics of a ca~i icm that must be considered when co l lec t i~~g irnagcs. 

'I'l~e first, and most ohvious, is the t l ~ r c c  s p c ~ t  ral sensit ivity curves. These were 

providctl 1,y t 11c Sony ('orporat,ion upon rcq~icst ,  and will he assumed to  be reasonal)lV 

accurat,e. The  scvmd property is the linearity of t he three channel responses. The 

response of a channel is linclar i f  its rcsponsc under ligliting condition A is PA, llndcr 

light,ing condition I3 is p ~ ,  ~ ~ n t l c r  con~hincd lighting conditions A + B is pc ,  and t h c  

following c q m t  ion holds: 

PC = P4 + P H  (8.6) 

Wjlcn t c ~ t , s  of this 11at l ~ r o  wcrc pcrfornlcd on t 11c. IIXC-151, it was found to  have 
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Wavelength (nm) 

nonlinear responses, with each channel c~xliihiting i t s  own nonlinearity. Since consis- 

tcnt colour rcsponscs under varying illuniinant in tens it,^ arc integral t o  the  success of 

t },is algorit hrn, correction functions arc required. 

A straight,forwartl approach to  linear correction is the construction of three lookup 

tables with entries hctwcw 0 and 25.5, corresponding to  the camera's initial responses. 

Given the exarnplc in the prc.vious paragraph, an equation of the following form can 

he const,ructcd: 

.T,)., + .T,," - xpc = 0 (8.7) 

whcrc x,, is t,hc linearly c-orrc~tcd value. for rcsl)onse p,. 

Correction f ~ ~ n c t ~ i o n s  w c ~ c  ol)t aincd I)y tak i~ lg  images under all 16 combinat,ions of 

follr scparatc. i l l ~ ~ ~ n i n a n t  s. Thc ol).jc~t t akcn in this case was Munscll paper N 6 /  on 

a black clot 11 backgrol~nd. Rantloni sarnplc~s were obtained for various linear cornbi- 

nations of illumina~lt~s, and a k x 256 ho~nogeneous matrix obtained for each channel, 

k > - 256. Sil~c-c all 256 intcnsitics were not rc.prescnt,cd, thc empty colllmns 

(-orr(>sponding to  missi~rg olles w c ~ c ~  rcmovcd, and the remaining matrix solved by 

Icast,-s(lllarcs a I~p rox i~~ ia t i on .  Missing v a l ~ c s  were then i ~ i t  crpolated or extrapolated, 
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a.nd the result,ing 

~ 2 5 5  = 355. 

monot,onically increasing function smoothed and scaled such that  

References to  l i ncnr ixd  wsponscs in subsequent sections refers t o  those obtained 

through the  three correction tables calculated by this process. 

8.6.2 Implementation 

13cfore obtaining images of interreflecting surfaces, an image of the illurninant was 

taken. A scalar was ohtaincd for each linearly corrected rcsponse such that  the prod- 

uct of the response a11tl this scalar p r o d ~ ~ c ( d  the t heoret ical response for a, 32001,' 

ill~lnlinant using nornializcd sl)c.ct,ral sensitivity functions. Thus, a perfect white light 

would p r o d ~ ~ c e  cquivalcnt responses for each channel. 

For each test case, thc3 two corresponding Munscll papers were mounted in a 

sllpporting stand, s~lcll that the sllrfac(.s were flat, with an opening angle /? of go0, 

each a t  4.5' to the inlagc plane. The camera was mounted directly above, with the 

illurninant heside i t  a h o ~ ~ t  011c mctrc from tho s ~ ~ r f a c c s .  

Images were taken of each tcst case, and cross-sections perpendicular t o  the edge 

wcre 011t~ainc.d. The  two scgmmt s corresponding to  the surfaces wcre extracted and 

smoothed. Finally, each 1ixc.l was lincarizcd then corrcctcd with the corresponding 

channel scalar. The tristimulus values furthest from t h e  edge taken as the no-bounce 

colo~irs. The  shading ficlds along eacll s~~rfaccl wcw then extracted using the one- 

llouncc dcco~n~os i t i on  algorit l~m of sect ion 8.2. 

8.6.3 Results 

Test Case 1 

'I'he first, tcst case was sclcctcd hecause of favourable synthetic properties. S A ( X )  
(hlue-green) and SR(X) (purplc) were hot h reconstructed well using a finite dimcn- 

sional modcl, wit11 colour vectors #.'), p(R', and p ( A R )  oriented in RGB space s11ch 

t Ilat dcco~n~os i t~ ion  of and pH was fcasil~le. 

Rcsl~l t~s  for the real iniagc arc somcwl~at poorw. Figure 8.15 indicates a maximum 
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Figure 8.16: Shape, from intensity and from one-bounce shading ficlds for real tcst 
case 1. 



absolute error for shading coefficients a t  and a t  of 0.1 and 0.2 respectively, with a; 

hovering close t o  t h e  ideal value of 1.0, while a: consistently increases. The  effect of 

applying t,hcsc coefficients t o  the recovery of surface shape is shown in figure 8.16. We 

see that  a t  still shows a significant improvement over intensity for surface A,  whereas 

n,R shows only minimal improvement for surface I?. 

Test Case 2 

As in t,hc synthetic c~ lv i ro~lnwnt ,  this case demonstrates the limited interreflection 

1)ctwccn rcd and 11111~ surfaces. Figllrc 8.17 indicates maximum absolute errors of 0.07 

and 0.02 for c r t  and a:. Furt llcrmore, as ohservctl in figure S.lS, with the limited 

irlterrcflectiorl wc cannot llopc t o  make significant improvements using shading fields 

over i r l t  cnsi t y for shape rcvxcry. 

Test Case 3 

7'hc t1lir.d t c ~ t  case dcmonstratcs t hc3 il~tcrreflcction hetwecn white and red surfaces. 

While rcvxnxyy of of is not possihlc, of the white surface was obtained with a 

rnaxinil~rn al~solute error of 0.03 (figure 8. 19). Iniproveme~it s in shape recovery arc 

shown for s l~rfacc A ,  but since we h a w  riot been ahlc t o  recover a:, we must be 

content wit,ll using intcwsity for shape recovery of s t~rfacc 11. 

Sources of Error 

Random Noise: For some machin(. vision tccllniqr~cs such as edge detection, exces- 

sive snloot,lling can ~ ~ ~ l u c c .  sharp gradients necessary for proper detection of features. 

Since we assume llcrc. t hat prcwiol~s segment at ion has Iwcn performed, we are left with 

sllrfaccs containing gradicwt s wc. c ~ ~ l w c t  to  result only from intjcrrc4ection or gradual 
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17ig1,l-c 8.17: Shading fic.ltls of test case 2 using 1 hc. onr-l~ounce model on a real image. 
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/" 
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Figure 8.18: Sliapc fl.om i 1 1 t  cnsi t y and from one-bounce shading fields for real test 
case 2. 



- Ideal Shading 
............. Reconsbucted 

-50 0 50 

Distance From Edge 

Figure 8.19: Shading f idds of test case 3 using the one-bounce model on a real image. 
D c c o ~ ~ ~ ~ o s i t i o r i  is not possihlc for sl~rfacc I?. 

1:igtlrc 8.20: Shape from i n  t cnsity and from one - lm~ncc  shading fields for real t cst 
casc 3. Shape can 1)c only hc. rcmvcrcd using shading fields for surface A. 
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changes in surface orientation. Random noise is thus not expected to  contribute 

significantly to  erroneous results, as minor perturbations are easily removed. 

Surface Properties: The  hilunsell papers used for this experiment are described as 

mat te .  This type of surface texture approaches Lamhertian qualities by minimizing 

specular reflections. Howevc~r, a perfect Lambertian surface appears equally bright 

from all directions, accordillg to Lambert's Law (equation 2.3). The  extent t o  which 

t,he Munsell papers follow this law is unknown, and may vary from paper to  paper. 

Imperfections and marks from handling will also affect their reflective properties. 

'I'hc onc -bo~~ncc  model also a s s~~rncs  t he two i11terrc4lccting surfaces are semi-infinite. 

That is, thc distances RA and nH i n  figure 8.5 arc3 finite, hut the distance along the 

common edge is infinite. The  hlunscll papvrs are five inches long. We can expect the 

int,crrcflcction toward the two sl~pposcdly-infinite ends t,o he reduced. 

Illurninant Properties: During construction of the synt hetic edge by the radiosity 

method, an isotropic illurninant was used. Conscql~cntly, every facet of the edge was 

ill~lminat,cd with equal intellsity. l'hc one-bounce reconstruction algorithm does not 

require this propert,y to  hold over all surfaces. IIowewr, if we wish to  use the shading 

field as an indicator of surfac-c o r i c ~ ~ t  at i o ~ ~ ,  we must assume colour intensity gradients 

arc t,hc rcs~ilt  of changm in s l~rfacc oricnt at  ion with respect to the illuminant or from 

irltcrrcflcction. The proximity of t l ~ c  light source used in this experiment violates 

this assumption, protl~icing a gradient in tht. direction of the sollrcc. Ambient light 

was climinattd as a possil~le s o ~ ~ r c c  of cwor by obtaining images with the 320011' 

ill~lmiriant turned off. Thc  rcwlting pixel intensities wcrc insignificant. IIowevcr, 

c.ontril)~ltions of light rc.flcct ing from nearby inimoval,lc objects with the illurninant 

t,rlrned on arc u n k ~ l o w ~ .  Finally, t 11c spwt ral powcr dist ri1,ution of a l000W tungsten 

filament project lamp is listcd as having a correlated colour temperature in the range 

3100 33001; [31]. Thc  spc.ctral powcr tlistrihlition of colour tcmperaturcs is defined 

by P]ancl<'s F o r m ~ ~ l a  [31]. This was ~isctl to  produce E(X) for the 32001s' illuminant. 

As no c;tlil>rat ion of t he illu~ninant has 1m.n performed, thc conformity of the actual 

(list,rihrltion to this t 11c~rc.t ical valuc is unknown. 



Spectral Sensitivities and Transmittances: The  camera's channel responses 

are affected not only by the photorecept,or sensitivity functions, but by all materials 

through which light rays must pass before being detected. The  former were provided 

hy the Sony Corporation, and taken to  he correct. The  transmittance of the Kodak 

301-A infrared filter may he considered accuratc but not precise, as it was manually 

c-xt,racted from a small-scale logarithmic graph [ 5 ] ,  and for which the original data are 

n o  longer plblished. 'I'hc camera lens is expected to  have 100% transmittance, yet 

this is undoubtedly a false assumption. The divergence of the combined sensitivities 

an(] tr;tnsmittances likely contrihutcs enormously tJo incorrect results. 

Selection of No-Bounce Colours: In the synthetic environment, the assumption 

tllat a poillt exists where n o  interreflection occurs was not violated. With real images 

the no-l,o,lncc colours arc c ~ t r a c t c d  froni point,s furt,licst from the edge. If inter- 

r(xflection still occurs, t,l~is will affect reconstruction of the one-bollnce colour, and 

sllbscqllcnt, extraction of the shading field. 
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Discussion and Conclusions 

This t hc3sis has investigatctl i~iterrcflcction between colourcd surfaces through the use 

of a finite dimensional model of surface spectral rcflcctance. The  use of this model 

to  recover sc>flcct ances pcrmi t s decomposi t ion of int errcflccted colour signals that  is 

simple, st,raightforward, and robust. 

An analysis of the mult ihounce colollr space resulting from interrcflection between 

pairs of Mr~nsell spectral reflcctanccs untlcr hot h D,, and 3200K illuminants illus- 

trated the limitations of colour signal decomposition. As  expected, one-bounce signals 

cxist that  cannot be dc~cornposcd as linear cornhinations of their no-bounce compo- 

nents. Suc l~  a condition results when one or both of the no-bounce colours has a 

flat (ic. grey or white) spcctral rcflcctancc c ~ ~ r v c .  Comparison of the angles 8 and 

d, suhtcntlctl by colour rcsponscs as vc~-tors in  RGTI space suggest a greater colour 

spacc is spannc~l  using a "whiter" illunlinant ( D e 5 )  and filters having less "overlap" 

( l iodak) .  

The  ,~rol)lcrrl of attaining rn~~lti l)orlr~cc~ colour responses p( ' )  for i > 0 is integral 

to  thc linear decomposition of intcrrcflcctc.d colours, yet they cannot be attained 

simply tllrorlgh algc4)raic manipulation of the three components of p(O). Using finite 

din~cnsional models of SA(A) and SR(A),  and with a known illuminant and filters, 

11~111t~ihounce signals ('( ' ' (A) and resl~lting p(') were oI)taincd, with errors compounding 

as i increases. A quantitative analysis of t l ~ c  recovered response vectors indicates a 

mean error less t,han 1.0' for p( ')  and 1.2' for p(') over all illuminants and filters. As 
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with the  colour spacc. spanned by mult ihounce colours, Kodak filters generally provide 

superior results. IIowevcr, a "smoother" (3200K)  rather than "whiter" illumirlant is 

more important for recowry of reflectances. 

Based on the analysis of rnultihounce colour space and colour reconstruction, three 

test cases were chosen to  demonstrate the decomposition algorithm, with each having 

separate characteristics and sources of error. A "best" case, a case where the  finite 

dimensional model docs a poor job of reconstructing sA(A)  and SR(A), and a case 

where and p( ' )  are lincwly dependent (ie. one surface is white) were all presented. 

In  the  synthetic environment, shading f i ~ l d s  were recowred with good precision except 

whcre rccovcry was not possible. Rcal images rcsltlt etl in poorer recovery, yet for all 

cases, the  shading fic.ltl was shown to I,rovitlc a superior measure of surface shading 

than c o l o ~ ~ r  intensity as dc~iionstratccl by a simplified shape-from-shading method. 

Ih tu rc  work in shapc rccovc~y niigllt incorporat c t he use of shading fields to  enhance 

rcconstructiorl in scct~cs whcrc. i~~tcvcflcct ion I)ctwcc~i two or three surfaces is known 

to  exist. 

It, is qucd  iorra1)lc wlret 11c.r a t wo-lmlt~lcc. modcl can provitle better shading field re- 

covery than a o w - h o i ~ r ~ c c  rnotlcl sitice p ( 2 )  is niore sensit ive to  errors in reconstruction 

of p(*) and f(H). E'urt I r ~ r ~ m r o ,  (WTII for jwrfcct valuc~s of the angle 4 is typically 

quite small, discouraging the. us(. of a t11it.d cotnponcnt vector for linear decompo- 

sition. The. sy~~ t~ l i c t i c  test c a s ~  for \vIiic.I~ l~o t  h models were comparcd showed little 

bcmcfit to  advancing 1 ) c y n t I  ot~c.-l ,o~~l~cc, with an irr~provcd shading field only slightly 

overcoming t he error in rcvmst ruct ion of p ( 2 ) .  

Investigation of a two-I,o~~ncc ~ l~o t l c l  was made possiI)lc by the availability of three 

componcwt s of p for c w r y  ~)isc\I. 7 ' h c  one-houncc modcl applicd t o  interreflection 

lwtwccw two sttrfaccs ~lcctls t o  rccovcr only two cocficicnt s: no and nl  corresponding 

to  the sliading and it~t<~rrc~flcct ion fields. Rlt urc rcsc.arc11 in this area could involve 

intcwdlcction I)ct,wcc~~ t11rce s~lrfaccs ( s ~ ~ c h  as found in the corner of a room), where 

recovery of a shatlirig ficld and two intcrrcficct ion fkltls may he possible. 

Altho11gI1 t hc dccot~~posi  t,ion algori t llrn is simple, direct, arid robust as claimed, 

t lrcrc arc two tnajor wcaktlcwws t 11at must 1 ) ~  acknowl(dgcd. The  first concerns the 

known illun~inant a s s ~ ~ n ~ l ) t i o n .  Mrhi lc  i t  is true that research in colour constancy 
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continually provides promising illuminant recovery methods, one might claim that, 

the simplicity of decomposition presented here is realized by knowing the illuminant. 

Ilowever, the flexibility exists to integrate independent illuminant recovery methods, a 

topic of possihlc future research. The second weakness is the assumption that surfaces 

are Lambcrtian. In reality, surfaces have varying degrees of specularities, and the 

extent t o  which they stray from a simple Lambcrtian model will affect decomposition, 

likely resulting in shading coefficients of disproportionately high magnitude. This 

is perhaps the most crit,ical weakness, precluding the analysis of arbitrary surfaces 

having unk~iowr~ rd lwt  ~ I I W  cl~aractcrist ics. 
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