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Abstract 

In this paper, we propose an  rlrgant approach 
for illumination invariant recognition llased on 
phot,omrt,ric stereo krchnique. T h e  basic idea is to 
rrconstrr~rf the  surfact= normal and the alheda OF a 
fare unng  phoiomet.ric st ,er~o images, and use Ithem 

t,hr iIlumination indepenil~nt rnotlel of the  face. 
We also invcstigat~d t h ~  optimal light sourc? dimc- 
tions for teconstruct.ing accurate surfare shape, and 
the robust estimation techniqur for the illurnination 
direction of an input fncr image. The performance 
of the proposed algorithm is t~ske<l using I25 real 
facr images of 25 person wllirh are taken under 5 
quite diK~r~nt illumination conditions, and acliieved 
the S I I ~ C ~ S S  ra te  of more t,han 80%). 

1 Introduction 

Face rerogni tion is a challenging s u b j ~ c t  becausr 
of ~Iramatic variations between images of t,hr same 
face. For example, facial expression, p o s ~  variation, 
hair style give rise t,o h~ige  geometrical variation- 
s. I n  additmion, illuminat,ion, aglng. make-up, scale 
variation, background changes may cause rnisclassi- 
ficaticsn. Thus,  the face recognitmion syst,Prn for t,he 
real-world applications is to recognize a face as in- 
dependent a5 possible under thew image variations. 
A recent. survey [l] presents a detailed overview of 
relevant r ~ s e a r r h t s  have b c ~ n  don? for more t h a n  
20 yrars in the f i ~ l d s  of psychophysics, nriirosciencc 
anti ~ngineering.  Many psychopbysicat experiments 
[2] show tha t  kIle Iluman visual systrm can recognize 
faces against, consfderahl~ variat,ions between images 
of t l i ~  same face. Among the image variations, w e  
rnainly Forus on the problem of rotnpensating for 
changes in  illutninat ion d i r~c t i en .  Even though a 
human he in^ has p ron~ inmt  abilily to identify Facesa 
he 11a.q diffirz~lty in rrcogniaing Faccs undrr severe 
ilIt~minat ion variation. ' ~ I I P  salnr pets011 s w n  un- 
(lpr varying ill~trninatiort colitli! ions ~rsually appears 
quite r i i r ~ r r n t .  Ke~dlrss to say, tlir difference aS a 
face i n d ~ i c ~ d  by il!umination coridition is larger Ehan 
that  of individuals Farrs undrr (hr same illunlination 
condition. So Far few ~ P S P ~ ~ C ~ I P S  l i a v ~  hot11 done for 
r his illl~rnination variation prohl~trr ia Face r~cogni-  
tion i~~c!b~t!irig [film 

In this research, we propose a new met hod for il- 
lumination invariant face recognition h a d  on  p h l ~  
tometric sbereo. By constructing surface shape and 
aIhedo as the tnod~l  of faces r~sing three photometric 
images, and mimimating the illumination direction of 
an  input, image, O ~ P  can synttlesize face images of 
the same rllt~mination direction for the input face, 
so that. rohust illumination invariant matching can 
be performed. 

2 Overview of the System 

The w h o l ~  procedr~re for the proposed i a c ~  recog- 
nition atgorit,hrn is illr~strated in Fig. I .  11s the 
conventional recognition system, our  syst~im has t- 
wo procedures: wg~slmlion and recngattlon. For this 
purpose, two sets of face images; truontng group or 
g a l l e r y ,  and testing group or prove are const,ructed. 
Both procedures have the same preproressing st,ep- 
s. First,, face region is extract~d using an ~llipse- 
shaped mask by given two eye locations. And then, 
geomet,ric and photomelric norrnalixation hetween 
photornet,ric irnagcs as well as training and test im- 
ages are necessarily. 

I n  registration procedure, the shape m o r l ~ l  com- 
puted from training group forrrls the reference 
database. Aftcr the shape models of gallery are ob- 
tained, a generic shape moclel of face is constructed 
by averaging I h ~ m .  Thp  generic shnpe model is used 
t o  estimate l igh~ direction in the recognition proce- 
dure. 

In rerognition proc~dure ,  the estimation method 
of tight direction and matching prohlenr are impor- 
tant  steps For rohust face rrcognitfon sq.stPm. Once 
the shape motl~ls  are obtained. t h e  Face image illu- 
minated from arbitrary direction can he easily gen- 
prated. Thus ,  by synthesizing tile facr image with 
the same illb~mination directmion of an  input  face. me 
can mat,ch the t\vo face images under the same illu- 
mination condition. 

3 Face Shape Reconstruction using 
Photometric Stereo 

\,VP assumP that  a f a c ~  has tthe Lamhertian re- 
flpctance p r o p ~ r t y  such that the bright,ness is inde- 
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Figure I : The overview of Face recognition syst,ern 

pendent on t,he viewing direction. Then, for a fixed 
light source direction. rhe image intensity a t  a point 
depends only on the surface normal n at, tha t  point 
[3] and th is can he characterized by bhe image irra- 
diance equabion given hy 

where R is the reflectance map, p is the albedo. and 
1 is lthp unit vector of the illumination direction to- 
ward the point light source given by 

1 = (cos r sin a, sin r sin a, cos rr 1'. (2) 

The surface normal and the albedo of a Lam- 
bertian surface can be uniquely rcconstruct~d using 
th ree  i rnag~s taken under diffwent lighting candl- 
t,ions while maintaining the viewing drrection fixed 
hy the method known as the photometric stereo [R], 
[41. - - 

Suppose that  we have three ph~t~ornetric stereo 
images 11, I?, and I3 obtained with the correspond- 
ing light, source directions 1 1 ,  1.1, and 13, respectively. 
Then, WP have rliree independent image itradiance 
equations for the images, which can bp writt.en in  
the mat,rix form as 

I = pLn, (3) 

where I = [ I I ,  I z ,  I ~ ] ~ ,  and L = [ I 1 , 1 ~ , 1 ~ ] ~ .  If l i ,  T Z a  
and t are linearly independent,, L-I exists. Then 
uswig the fact tllat, n is uni t  normal, we can det,er- 
mine the albedo as 

p = I L - ~ I ~ !  (4)  

and,  in turn,  thr unit surface normal by 

1 
n = -L-". 

P 
( 5 )  

4 Registration Procedure 

4.1 Imaging geometry and optimal light 
source direct ions 

We used the general imaging georn~bry model 
for acquiring photompbric Facr inrages. Tlrc canher- 
a is positioned along tlip Z-axis and the  three light 
sources are located on a c i r c l ~  wit I1 the same slant, 
angle a,  while direrent tilt angle r's, 

Srlecting a set of appropriate photometric stereo 
images is very imporbant for reconstructing accu- 
ra t r  surface shape of  a given object. Therefore, in 
order to choose the best photometric image set for 
a Face. we first. investigate the optimal illumination 
conditions for the face. The plaster ' f i ~ e l b o r e n '  face 
is used Ibr t,tlis test. Fbr each slant angle of (a = 
30°,450, 60°) ,  by varying the tilt a n g l ~  of the  first 
light source by the a r n o ~ ~ n t  of 30' while maintaining 
the other light sourcm to be 120' apar t  in azimuth 
angle from each other, 12 sets of candidate basis im- 
ages are obtained. The sllrface normals and albedo 
for each test set are  determined using equations (4) 
and (5). Then the M A D  (Mean Absolute Difference) 
error between real images i lluminated from d i f l ~ r ~ n -  
t directions and the corr~sponding synthesized on- 
ate calculated to measure t h ~  reconstruction accu- 
racy of each test set. We use three verifying images 
iIlt~rninatctl from ( r r , ~ )  = (15°,600),(15",900j, and 
(15", 120°). The result are shown in Fig. 2 (a), and 
an example of verifying image. reconsbructed image, 
and the error image is shown in Fig. 2 (h)-(d),  re- 
spectively. In  this test, in  order 10 reduce t c h ~  effec- 
t of cast shadow, wc exclud~d the points tha t  has 
the albedo value deviated far from the mean albedo, 
which are depicted as black pixels in Fig. 21h)-(c). 

Extensive experimental tmt  with real plaster and 
synthesized f a c ~  images reveals that  the reconstruc- 
tion error tpnds to  br smaller when the slant angle 
(a) relatively small and the tilt angle ( r )  js arranged 
symmetrically. In  his experiment, the Eight direc- 
tion (a, r )  = (3U0, No), (3Qn, 210°), and ( S O 0 ,  330') 
gives t h e  smallest reconstruct ion error in any case, 
so t,hat we sclect i t  as the optimal illumination di- 
rection. 

4.2 Face region 

In order to  consider only the facial region t o  be ex- 
amined in a scene, we use an elliptic mask to extract 
facial area exclusively. Oncr locating the positions 
of eyes in a scene, the facial mask shape is  designed 
and applied using the following ctlipttc function. 

where c is center poinl hetween t+wo PYP locabions, 
d P y ,  is distance betwren two eye locations, and c l ,  r? 



Figilrr 2: (a) Th avrrage i n t~na i ty  errors of each ha- 
sis S P ~ , .  (h)  ' rarg~t  image obtained by a light source 
l a c a t ~ d  at (a, r )  = (Is0, 120'). (c) Synthesized im- 
age generated with Set 4. (d)  Error image magnified 
hy IE) Limps. 

arr conslants given rmpirically. Note that  accord- 
ing 10 human races, tllc clliptir mask shape may he 
slightly diff~rt.rrn2. In caw of oriental Asian, hy set- 
ting cl = 1.00, C? = 1.43, we can extract Face region 
reliably in n scene. 

4.3 Normalization 

Pllotornrtric stereo assumes the corrrspondence 
l~etween corrrsponrling pixels in photometric stere- 
o images. Ilowcver, it)  rcal situation, although the 
carnpra dirpction is fixed, a face can he move slightly 
wtlilv taking pictures. This may cause misniatrhing 
t>etwccn pixels, and result, in inaccurate shape recon- 
struction. Tlier~fore,  it is n~cessarily t,o nor ma lie^ 
the size and adjust t,llr in-plan? rotatioil of a face 
in ~ a r h  i m a g ~ .  This ran IF accomplished hy rrsiz- 
ing and rot.at,itlg t,hc images using the eye posit.ions 
a9 t h ~  anchor point ,~.  In addition. in order t a  com- 
pensate for the difference in illumination condi l ion~ 
bctweerr ~ a r h  image, we also tiosn~alize t,hp intensity 
so that t,hv rnaxitn~tm inl,ensit y value hpcomes unit 
for rach imagr. 

5 Recognition Procedure 

5.1 Estimation of light direction 

1t  is very i m p ~ r t ~ a n f  to  e s t i n i a t ~  the illtimination 
tlir~ctiorl or a n  input face image correct,ly for accu- 
ratr face mat,ct~ing. In illis rrsearch, ky constructing 
g ~ n c r i c  surface model of a fare using r h ~  nietlels in  
t h e  gallery and utilizing t,hc s i i r f a c ~  normal informa- 
t.iori of i t ,  WP estimate-- t h~ ilIt~nlinatio~i tiirection via 
leasf squared estimation tnethoti. Note that for d-th 
point in an  input F ~ C P  i n l a p  the follou,ing r~lat ion 

where E, is t h e  normal iz~d intensity of f,hc i-t h pojnl 
in the inptit face imagc, ni = [n:, nb nilT i; t l i r .  sus- 
facr normal of the correspondir~g p o ~ n t  in the g ~ n ~ r i r  
model, and 1 = Ii,, ly , S T I T  is t lir illrlmirlation rlirec- 
tion vector. If rvp are considering m pixels in a face 
region, w~ have tn linearly i n r l ~ p m r l ~ r ~ t ,  equations, 
which can be writstten in following rnat.rix form as 

where E is the nortnaliz~d intensitmy mat,rix of t,hr 
input face image, N is s u r f a c ~  normal matrix OF the 
generic face model. Then t,he i ' l l~minat~ian discction 
can be deicrminetl by least square estimation as 

Note that the rrlat,ively flat fare regions such ns fore- 
head and c h e ~ k s  usr~ally have not enough intensity 
variations by the change of the illumination direc- 
tion. Thus, in order t , ~  enhance the accuracy of the  
e~ t ima t~ ion ,  we consider only the region around the  
nose where the i l l~~rnination sensitivity is relatively 
good, rather t,han whole face for calculating (9).  

5.2 Matching 

Once t,he illumination direction of a input face 
image is oht,ained, the f a ~ e  images of all b 1 1 ~  gallery 
models for the same illuminat,ion condition can be 
synthesized using (1). Thcn by m ~ a s u r i n g  t,he 
similarity between  he input Face and tlie synthe- 
sixrd model face images, illumination invarintlt. face 
matching car) h~ accotnplishet!. The dissini~larity 
measure used in this experiment is MAD of the in- 
tensities between the input and synthesized model 
face given by 

where R is face r ~ g i o n ,  and N is the number of pis- 
el within face region, and li, I ,  are t.he intensities 
of the input image a n d  a sytlt hesized image, resper- 
tively. By ordering the mvdel faces accartlin,: to t h ~  
dissimilarity in incr~as ing ordrr, we can ~st ,ahlish a 
registered face iist for tile given input fare. Note 
that, usually thc recognition rate is definctl hy the 
percentage that. the input  face ranks top in the reg- 
istered Face list.. llowever, since this does not, rep- 
rpsent the potential ability of a recognition scheme 
rvell, we employ t h r  curnulatztle recognltron rate [5]. 
The cumulat,ivc recognition rate r r p r ~ s ~ n t s  1 he proh- 
ability of  the input face being rnatch~rl to ttir first 
top n faces on the r rg is t~red list. 



6 Experimental Results 

All face imagm were acquired in  a darkroom is* 
lated from unwanted extra light sources. Tbr 640 x 
480, 8-bit grey level images mere taken using SCCD 
digital camcorder inherfaced to a PC. 

In this experiment, images of 25 distinct persons, 
20 males and 5 females, were taken in frontal viewing 
direct ion with different ~mnge size, and withot~t any 
restriction about dist.inchiv~ features suc11 as glasses, 
make-up, or hair-style. Two groups of DR are con- 
structed: One is t h ~  training group for basis images 
of each person, which are laken under t,he optimal 
illumination dire~t~ions discussed in Section 4.1. The 
other is the ks t i ng  group for evaluating the perfor- 
mancr of the proposed algorithm. 5 different images 
Tor carh person taken t~nder very different illumina- 
tion directions itom that of the basis images arp used 
for the trst. Fig. 3 shows some face images of the 
testing group. 

To investigate the performance variation due LO 

the accuracy of t h e  illumination direction estima- 
tion, the results for the ground trut,h and for 2 rlif-  
ferent light direction estimatjon method which uses  
the whole face region and the now region, tespec- 
tivply, arp evaluated. Table 1 represents the average 
estimation error ( i n  radian angle) of the illumination 
direction estimation methods, and Fig. 4 shows the 
cumulative recognition rates for [,hem. T11e result 
shows lhat when the nose region are used for the es- 
timation, the  proposed algorithm can achieve a top 1 
recognition rate of 80% even under a scverely chang 
ing illumination condition as shown in Fig. 3. It also 
shows Ihak the cumulative recognitmion rate can in- 
crease to 98%) if n = 10. While, note that when 
the wholc facr region is engaged in estimating the 
light direction, the recognition rate decseaws about 
10% and the estimation crror also increases 0.09 ra- 
d ian. Th~refore, we concIude that setection of effec- 
tive region for ~stirnating the illumination direction 
is very critical for arcutate face recognition. Note al- 
so thal if W P  ~s t ima tc  illumination direction exactly, 
the recognition rate will increase u p  to 87%, and we 
can achieve pot~nt*ial performance of the excellent 
cumulative rrcognition rate of 96%. 

Figure 4: The cumnlative recognition rates at diflkr- 
Pnt  light direction estimation mcthods. 

Table 1: Light direction estimation errors 
Esti matkon hlrt hod 1 tlverage Error 

EVIIOIP fare 1 n.21 

7 Conclusions 

I 
- - 

tlre propme a new approach for illumination in- 
variant face recognition, in which the shape infor- 
mation or a face 3s determined by the photometric 
stereo method, and used as khe illumination inde- 
pendent model of  the  face. The opkimal illumina- 
tion directioris Ibr three basis images which insure 
the accurate shape reconstruction is also investigat- 
ed. Experimental results on real Face images sltow 
that the proposed approach has a greal potential for 
t h e  robust face recognition even when the lighting 
condition changes significantly. 

XOSP rrgion 
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