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Study on the Illumination Variations in Face Recognition
Laiyun Qing (Computer Science)
Directed by Prof. Wen Gao
For its great value in theory and application, face recognition has made great progress

after two decades of development. The state-of-the-art of the face recognition systems achieves
good results under the well-controlled environments. However, if tested on the larger database,
or the non-controlled imaging environments, or the incooperative users, the performances of
the face recognition systems decrease sharply. Therefore face recognition is far away from
mature. It needs of more research on the problems of non-ideal imaging environments
(illumination variations and the different camera parameters) and the incooperation of the users
(pose variations, expression variations, accessory variations and dressing).

The dissertation discusses the illumination variations as well as the pose variations in face
recognition. Based on the imaging formation, we get the illumination insensitive features after
estimating the imaging parameters. These features are then used in face recognition to improve
the performances of the face recognition systems when the images are collected under varying
lighting. The contributions of the dissertation are as follows:

(1) Hlumination estimation. Based on the spherical harmonics model, Lambertian surface
acts as a low-pass filter for illumination. Analysizing the imaging formation in
space-frequency domain, we estimate the illumination affecting the appearance of the
Lambertian surface, i.e., the spherical harmonic coefficients of the low frequencies of the
illumination. Approximating the human face as a Lambertian surface, we estimate the
illumination of the face image exploiting the human face class prior knowledge. This
representation of illumination can represent any types of illumination environments, the
outdoor illumination environment or the indoor environments. And as the parameters of the
illumination are few, the proposed illumination estimation is insensitive to the alignment and
the resolution of the input image.

(2) Lighting normalization based on re-lighting. An illumination ratio technique is
proposed to re-render the input face image to a pre-defined canonical illumination, based on
the illumination estimation. Therefore all the images are compared under the same
illumination in face recognition. Two canonical illuminations are discussed in the dissertation:
the virtual uniform illumination and a front flash with ambient light, in which the former
encodes only the texture information, while the latter encodes both the texture and the shape
information of the input face. The re-lighting based lighting normalization depends on the
shape of the face. Therefore it depends on the alignment of the feature points. If the face image
is perfect aligned, the re-lighting strategy can improve the performance of the face recognition
greatly under varying lighting.
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(3) Lighting normalization based on the difference image model. The difference image is
the difference between the input face image and the average face under the same illumination.
In the difference image, the effect of the illumination is weakened, while the differences
between faces are still encoded. The shape of the input face is not used in lighting
normalization so that the difference image is insensitive to the alignment and it suits real
applications.

(4) Re-lighting virtual samples for face detection. The performances of the prevalent face
detections based on data-driven learning-based techniques depend on the distribution of the
training samples. In general, it is difficult to collect enough samples covering the total
distribution. A re-lighting technique is proposed to re-render more samples under varying
illuminations to enrich the training set. By configuring the target illuminations properly, the
performance of the face detector based on the enriched training set has improved.

(5) EigenHarmonics model for face recognition under varying illuminations and poses.
The EigenHarmonics exploiting the statistics of the harmonics of the human face is proposed
to reconstruct the harmonic images from one input face image. Both the intrinsic shape and
texture are contained in the harmonic images so that the harmonic images are used as the
invariant feature for face recognition. The statistics of the harmonic images of the human faces
are approximated as a Gaussian distribution and modeled with a PCA (EigenHarmonics)
model. Based on illumination estimation, the harmonic images of the input face are
reconstructed with this prior restriction. As the parameters of the EigenHarmonics are much
fewer than the pixels in the face image, the reconstruction is steady using only the available
parts in the face images under varying poses.

Keywords: face recognition, imaging formation, spherical harmoinic model, illumination
variation, illumination estimation, lighting normalization, pose variation, PCA.
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Kl 1-1:  FRVT2002 6 RARA IR S5 5 (3 B [Phillips03]D .
Figure 1-1. The results of face recognition under varying lighting in FRVT2002.
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R RIE. ¥ 2-1@)F I EGA E—A PCA T2300], XA 1258 0] LA BGE A
BT 0] AR ERX L R B B ), RS NIRRT (A ARG
FAAE TR IR ED nlE 2-1(b) s X ARG, SR 2 B AR REA RD G R
WG e, KR ZEEARARZ BMEEE. WEHRTLUE T, 1RZEHEH e
WZE LRI ZE R G R 2R b AT 26 KD . T ISR B R 1A UG TR AR R

FHME TR A N R TEAR AL B A N IR TR R B AR N, SRWDG RO A
ML, AN R AR IR M A e /N e AR Ay B8 - 4R B I
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BN AR A . MIXANEE S R, XA LS T e Wl . MRS A
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Figure 2-1. The manifolds of the persons under different illuminations. (a) The face images of the ten persons

under different illuminations. (b) The face manifolds (consisting of “trajectory” of each person under the

varying lighting) in the 3-D Eigenfaces.
2.1.2 BRRIRIER
T FRATNEL L T T OGRS SRR, R AT WO BRSO
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SN 18] 2-2 25— IR WA ER, w3411 21 R P R Xk,
AT DA BE I S S T PRI Do A/ N AT T AN BB s R e Rk ] o e i SRS A4
IRl OG- BUBA I BE PR R 3G S A LA E[ S 9718l LB 24 [ 02124
FA R A ARG 0o

K 2-2: LA AR &I
HI T NITEARFN S S PR R, SEIER NG (B0 A= 2Rk, G o 51X AT DRI T S B9 1 AT
R DA

Figure 2-2. The relation between the illumination and the facial image. For the complex shape and BRDF of

the human face, the illumination will cause many effects on the facial image such as the attached shadows,

cast shadows and the saturation by specular reflectance.

B SERE | R NSO G RARUR B RS, PR ER A T SO SR IR I e
R RGeS BARTE, BRSSPI SO G RIE H . PRI R TRIRAT IR A 4% X
OB SE I | TR ) BORARS BE L

XJe) [ 453 Af pR % BRDF (Bi-directional Reflectance Distribution Function) 751F T3
AT T7 I B, TS A7 SR, IWRTAK Bon 2 e ifE B, il

B o6 .05 OePOL 008D _ AL PO i g 4y Ty A S
0 P00 = g P < T SUR 09 AT

(0. ¢,) WIETTI), dLy A SRR, dE A NSRRI, L W ASERIEE, dey,

WSS

JERET LA RT I, B el N A2 00 RS T SR AU Rk
AR PRI LR PO, o L BRI IR HOSE BT TR, BT
BRI TE, = [ Li(P.6,4)c0s0,d02, , 34Tt coso, REIEM (01.4,) T 1ML

SN RIEIBZ MG IAN, BN Q W) EEEke SRR IR, FAE

BRTHT_E T Y6ZR N D5 ) Fxh BRDF 54 REE (FIRAUERY . DRI
Lo(P.6;.¢,) = Iﬂi PG, ¢:,0,,4,)dE; (6:.4,) » (2-1)
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= [, P(6,,,,0,,8,)L,(P,6,,4,)c0s6,d2, .

-V A S 52 (Reflection Equation) 562172 (Rendering Equation) &4 %
KB 2 T R OpenGL il . N@-1)HEIRERAKE 2-3,

K 2-3: ORI R,

Figure 2-3. The reflection equation.

ESCPRN I, BRDF — e XAERARRR R (Z il R ke =5 W,
MGG RS R R R (ARG R0 o R T XA JRITAL bR R 4 JRy A b, R THIER,
AT EARE XY 2" s /A bR, TG EARI XYZ REEFTR 4 /AR 4 T frj e i,
BATEME B G5 R ze e (distant illumination), XAEEI AT LIRS ARG, S5EmEA

B, WL (P.0,4,) THRA L (0,4,) « h T HR I, JATFH R X5 5
p = pcos, , XFEF(2-1) Rk
Lo(P.6,.¢,) = |, P(6,.4,.6,.4)L (6,4, )02, - 2-2)
JRAKRRIAS AR 0 B 240 o T, TR T B R e e B A
Fo AYIEF LA P (KERABKE A (0, B) » TATRE KR, ,, B— WA, F AL bR
(61, VB4 JRAHR( 6, Yo FEZHLy Pt 1) S 2T R M U T TR S e e s«
4 IR, SR N. R,,, T RRRERSA (Euler Angles) #6775

R, », =R, (IR, (@R, () » F0H R, FoREZliert, R AREEVIINER: . KR, o HARkR A
A AR T 2N
6.4, =Ro 1, (6,.4) = R, (B)R, (@)R, ()16, 4, | 09
@,.4) =R ;,(6,.6,)=R,(-7)R,(-a)R,(-B)16,.4,} -
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(a) JaifBAAkR (b) JaiAbbR L 42 Ry bR
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Figure 2-4. The local coordination and the global coordination.

R 2 R (2-2) 15 e
Lole B0, 8) = [2 [ 300,600,601 R s 61,6 bin0 006 . 29
Q) RHEHR. (A AT R TR RHTEL, 45 NI HER BB AR, 4

ot EERREy . e U S, THBROFTTL .
P BRI P15 (Cast Shadow), FERFASGIRFT R — MR pRELC(i). C(i) I ME M

e, HIEA0RL, Mk TR S eyt 7ok FOBE L, (0, ,) FRDGZR, X

Lo(er B.7,0008) = [2 [, C0DP(0, 61,0, 0)LA(R,, ., (6,4, Jin6id0,ds (2-5)

— AR R L AV S SR R PSSt 1) BRDF 5 s 45

e, Hod p, FoRi8 RO R 5L p, BN R AL
PO, 4,.0,.8,) = ps + p.(6.4,.6,.,) - (2-6)

7 T I A I AR ORI AR E B T — 0 st 4 B ik B
MIFARE VRN, S RIET R, U AT RS R BT T SR AT
NP — R HE BT SRS ARG % HEAR 95, 4726500 L% R % 1 attached 9]
o SYSNLESEIE I VAR | BRSO R LR LARTRIOZ R, 1 =RL.

2.2 NRRZI T R e A R ik

FI M FERET U [Phillips00] 45 Hi e A AR UM SRARIE IR LU, BF5T
AR I R A TR AR, R TR e A PRSI, Al FRVT
DA [Phillips03]% B AR RGBT, 44 TR N U R Gext = oG
MR AR AU, B EANNE EB I PO AGE B, IR I =AM T
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NG UG T — A E IR . BURAER 28 LA X Y IR AR L L8 IR 2 A
KT, AR =SNG RU0 MCB MEE fg . DGR RS2 — NSRRI IR e
HR IRl T TRIERAT DA AR 't F e A 10— AR A A g o [ i

— L8 NN FR G IR AR A N S IR SE M B s i N R R IR 2R 22—,
WE RS RS EA—FF HA R RAN ] 5 B EUR Z TR 22 0 2R TR 22, G
LG FE N EG 2 ZE R0 SN 28 . IRECE 24 SR N 200 A, IS
NI R G R ye IR IX LR IR 5 o AN [R] R 7V AR AN [R] R S8 P 221258 1) 22 b BR 3R
% . Fisherfaces J77%[Belhumeur97 PRt AL S EE I NI BUE R OE RN AR AL, 73028
[ ZEFNSE N ZE 53 A, FRAIZR M543 8 (Linear Discriminant Analysis, LDA) [iZ1 01]
TR T NI o LDA A3 PHE D) Al S TR A5 e R PR ] IS 2 Y R B /s o DL
77 7% [Moghaddam97][Moghaddam98][Moghaddam00][Moghaddam01][Moghaddam02] I} X}
PN 2RSSR 2253 50 P NRFAE 1 T s, ATMBLRE FH PR A5 22 0 28 N 22 1) DLt S
# (MAP flivHEl ML ST SRR . 48— 0725/ 7772 [WangXGO03][ [WangXG04]1H —
NG AT N TR A0 SR B S CRARIEIRD 51 I 225 R
P, R T =R B S0 575 PCA (Eigenfaces). LDA (Fisherfaces) A1 UL
TNEZ A NAER R o DU 73 0 o — Kok A A AR Unl 1] 3 i 22 2 ] i AR e 1
P ), IXREIR 22 525073, I SVMPhillips98b][Guo00][Jonsson00][Jonsson02]
Fil AdaBoost [1l1 04] 5w nT LA AR AU oK . Q. Li S58% —Leee e B% 7 iAEN
G AR P )G B AR [ S A T — 2556 LA [LIQOA]

TGO EUR BRI SEAEAR K, AR AR S P DGR AR I8, BT T8 AT IER
TIRZLI 1151, FRGC (Face Recognition Grand Challenge)[FRGCO5] /452 — 4%}
R IR AR T V20 o [SimOLPRFX B8 15200 e — R AL AndE B FIAR
AR  FLANARRFIE 2 45 MG A3 B PR G AN AR B 2 /DX i AR AN BB TR RFALE
SR N, a0 B [Ravivao Rl 2k % . bt B sUE F kT RO B N i B
HFE LB BRI, N 2 HARAE RIS, Wi PR SFS[Zhao00b] I 1E T £OGYR
(bR G RAIN G R o AR A A2 A TG AR AR R P50, I 384k
JGHUR IR R G AR, W77 6] 757 [Belhumeur97]. [SimO1](1# 7328 - 2L
SEARE I A 1 B IR I BT o A SCERAT) 3 AR IR PR R I A B R,
XEETTVE S M =R T UG R 78 2T I 7 R T
BT RN R MA IR g, = FH AR X

2.2.1 ETEGLER RN E

BT BB ALBEEOR (R 7772 B2 MR A B A, i N B AR5 Fo Pl A b 3 R A
HfE A, I SRICHEAAR B DX AR AU AR . XTI IEAT
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k(Histogram Equalization, HE). B 5 ¥ fk(Histogram Specify, HS)F1 Gamma K JE
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1F(Gamma Intensity Correction, GIC) [Shan03]4% K i A% et At A8 22 AR i) Sk A
HDCHRTAL BRI o dpilr— S A, antkZ & (Ratio Image)[Belhumeur98]. K]
5 Bh B 5 1) 119 M % 43 A [Chen00] « 1 75 &l 14 (Self Quotient Image)[WangHT04a]
[WangHTO4b]. AHX} 4 77 (Relative Gradient Edge)[WeiO4]A1AH A7 %] (Phase Spectrum)
[Savvides04] 7t PR Eedha b BRI TARGFHIROR

m R AME

AR B T IEER S N 2D BHG h H AR IO ' AR ANBBURR B AL, T
%K [Kanade 77145, AR5 T AR o AR S FRFAE IR e AR A & Ik Bl & (1)
Fre Adini Z£[Adini97] G SR PP O IX LRFIEX DG AR U RBUEAE . SO UL T DA
FRIE: 12Kl Gabor B, KT log A4, Adini [FISE5G 45 R, ATRR
A S HBASBE S IR DGR ) 58 5 (R AR e XA e DA AR U A R G R MEE AN
WRARE D, B FESPRNGT BN NS o PR R R ARz, R
A5 WA B 2 2RI e JE AL BE AT e 2 A XN SR 2R IBF T AR TAREF I S5 .

B3R, EIX Adini 32 Gabor BRTFAS @A GHARABUR, 24 E.
277 1n) (1) Gabor A8 HRFAEIE 2 A A N SRl o — Mol FUE R AR 2 5L R
[TefasO1][LiuCJ02][LiuCJo3][11i 04].

m [ERE (Ratio Image)

Belhumeur 25[Belhumeur98]itiit ELA i R I L 2 BRI 2 L, R W P i ]
Bk B TAFEDGR A2k, IE2K A TAFERPNIE. %575 TIXRE)—
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FEANTRI IR RO IR IR TR () L 2 B S A Ao Ll 2 R TR 52 2 FH L e -] R s P ) A
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IR, B2 TSI XPF R

IR log Jm, HBREMBRE AT REMEREEE, WX

(8(Iog ) a(loga)j2 _(IXJ —JXIJZ
ox X B 1J ’

m ERBRE TS A R A

H. F. Chen Z£[ChenO0TiIERH, X RAMAZR T, WAITATIX 7 sR = CTE e, (HE1EG
B EE T MG FE AR ST AN o BT LS H St R 066 P58 1) 1 2 PR 43 A0 R F MR 1) g
R 2 (1,0, (r, ;) 70 BEME URT D AR EERORERA L, PRIR MR | R 3 IR L)
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B HEEE (Self Quotient Image)

H 75 1% [WangHT04a] [WangHT04b] & T i R g il | = RL, Hidr 1 14,
ROV SH, LAYl el Lay Il ok & B Aoy &, U —MIKiE
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WGy, Gy, o, Gy MWL UE NG 8, IF ELASAN T 8 o 45 MR 22 (R DU AR 3 R
BT, TSI CMU-PIE ARSI FHRes T Helr it
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agaﬁaﬁﬁ%%MOMHﬁﬁﬁxwa@w:IMYﬁ%LPC,E¢Wuww
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I E s e EAR A TARGF IR SR &
m AH{7E (Phase Spectrum)

Savvides $i¢ H{# EigenPhaces[Savvides04] /7 72:H T3 S BRI R AR 1 A3 o L
AR BAVERE GRS FRT 285, AH478 (Phase Spectrum) LhRER &

(Magnitude Spectrum) 215 51 22 (KA IR ., HARAZ B 6 R AR AL R REER AN

Ji&, HHREMITE CMU-PIE A8 72 Bl 2 AR . FRAT 10 AT B R 3= B2 )5
M EARATYE ], AR (5 S T &0 I e AR RO AH A FH T SE R B g
[RRE R 2 A PRSI 7, XA I RARALAE EAH S TS TS B RE &, AR
WPERIRIVERT, ARG IR SEMR k55 o
222 BT FZEMAGE
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FEAT HAE B T NS AEAT BB N G AE 5D etk 7o, Xt NEE BEUE T
[Hallinan94] 114518 »

B 9D &MTF=E

ST, 38O AR A TA) - A A A A O 2 R SO T 2, [BasriOla][Basri03] F
[RamamoorithiOla] 73 sl AT SEA AL AT H AL T 27 1 A RO UE B 1 BAAA 3 1 1
AERIEIRARAET R MG R L H 0 G R BR T 1 3 B 7K B 1) 9D 2k 73 TR AR Uf i B
SRIHAES)) 10— OB ABO AT SOEIY, GBS T I AR
MAEAF I RE. XA 9D Lt R (AR P 2 X (IRAEBRINE S R ED fR, Btk
[Marschner97]1) 4D 125 ) a] A B2 LR 9D F23 (8 4 AMEATER 7« FeAl PRI AN AR
PR BRI RS

TR B G T AT IS5 3L, #Esh T ORI T 191R 22 413 [Lee01][Simakov03]
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& 2 [Ramamoorithi01b][Ramamoorithi02b][Sloan02] AH 5< B A1 N FH i & Jig . Horp 9
ARG 72 [Lee0L] MO RAERT 9D BRIFNEBIL IR ISR Ak, BB AR 9 M
FERUGIE T EIR, X 9 TREHG I I NGRS S Rl AR IEAC S, . S dMRiis s —
Be T AR B S R G v IR 4 Ze vk 1 A RVR1 9D g AT 2k 1 1 % ] 22 ] 5 & [BasriOlb]
[Ramamoorithi02][Nilius03a][Nilius03b][Sato03b], K5 &t v 2k 2= (R A AT Ze 1 2= (R 8¢
—HK,

2.2.3 ETHBERNAZ

BT UGAR R B T30 5 [ R AR A AN 2, AN IRA TURAAIE. RTINS St
) MAMERIBUR AT el 7l is, B R E R A BRI o

JRVE N AT AR B TEARFN S — AN A i) /[ ZhangR99], (H4FRA1 1 £
e A\ 4% [ Yuile97][Georghiades01] [Shashua94][Shashua97], E&4H ST B HI7E NG 5
fib A AR I AN K 2R 1) 4 56 4 H [Atick96] [Shashua01] [Worthington01][Zhao00b] [Blanz99]
[Blanz03], W rT LAYE—E R b StliZIhae. AKSRIISEI AR 2 2 N L Ttk
FUR S HAEA RN Z B AR N o IR SR 6 ST i) DUR I I ZRalc i RIS 2. AN fw]
BT HUAGAR AL IR TR IAE S B0 AN R M s FER U AN ], DL SR B0 AnTR 5 Fa 56 0 R Chi
ANEBD HIRE SR AN R T SCr PR3 LA LB SRR R B 2650 AR R 2-1 k.

B 7K (Quotient Image)

7 €15 7712 [RavivoQ][ShashuaOL] & B MK g — -4 45 AR TARAF AR 7l 34 52
ARSI B TR SO AT R AR IR R S A2 L, ST

BRI RIS e 190, (x,y) =20 2081 Vi pompa gy
Pa(XY) p.n's; a

gUHfER, RSB,
Y5 3D Ltk 7 EE g [Shashuad7], #5itia,,a,,a, Wk afEs,,s,,s, —Fhgk

SEPCHRAAT T B =ik BUEFIIR y FERS IS A s FINEIMG, IR ALAAE R X, X, , X, W2
Ys =(ZX,-aj)®Qy, ﬁtfjs:Zstj , BT LA SR HY BB X, X, s Xg 50T DA 2] 7 A
KT RIFRE X, %y, %> TN, IZEE (bootstrap set) HHAELHE N M4k

76 3 FOCH A R 3N KR A i =1,...,N, A A mx3HIFERE, B34 —PR5a—
B G . B R ANRREMLHE A HEY B Cration span ), Hf

;ﬁﬁfwmmwh+%%uw,;MM=ZMMW’W@@ﬂW%%%ﬁﬁ
y , i=1
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a5 N PO ) B ERiR

N N
X:ziaivi ’ :/H;EPVi :(ZAIAr)_lAiT Yso aiy;— Ys _(zarvr)T A|T Ys :Oﬁﬁﬁiziai =N
r=1 =1

e PR T {240 PRI R B R Rl A5 25 AR R e B R, HARAIE TR gy
R EEA UK 75 o ABZI SRR AR, B5oF % I8 BEI SN AIRE,  HAR
BEFRSRIGPT A YR BATAIF AR, XSRS ST N R AR B i,
B AEXREOL T, WERESER, SMMEIBRES AT T2 B0
M, [WangHTO3]AN[Shan03JilH iy RN ZRER,  FHISIART G K AE AR AT 1 L 15K

B Ot (Ilumination Cone)

% e #E [Belhumeur96][Georghiades98][Georghiades99][Georghiades01] J& 3 T il 14 A5
BT o — MR 75 DGIHE R IN 25 FE O IR AR M ZES A . 2V T X
NS AEBDELST, MR IR (n MEED D IR RN
ZHE OEIEE . B NIRRT LIRS A A RO IHER AR & o B GRHERT DL
il ek e (extreme rays) FIUEMEER, x; =max(Bs;0), Hi's; =b xb; . $EExt%

FROGIEE AT LUHIE 3 IR IE i S, RADERESI A kit . SEprb IR, H55E
X% 3 EEIEREIE AT BEfANE] (A, XI5 T 20 1) kAL 1 s E . ST
JHEESC NI T W B R R R BT AN IR SR S D A T 14 S S 4R
TR ARGV SR AR, FER R BRERBOARZR 20 B (AR e R K
% GHFRDCERIYSERFE, RIFXCIHER]— MIRYEL A 725 [a R BL (PCA FE4E).
MG PUINE IR S A BURBAL 12318, WA AR, JefHE kBl AT
2R kI (Hl TR BT RRAE NS R, BAT BRI -

JEIHEIR TS R U R LA Yale B AJSEE A L3e 400 i@ e, (HIZ i Bk
A TN G B 828, XA @R LR 720k s 2 W A

B 5{FK SFS (Symmetric Shape From Shading)

AIREM) SFS &AM A 1) 8L, 1% FR SFS[Zhao00b][Zhao00c] Al A s Bk A EUKs
RAEEEH WY 2R A SRR AR FRE R, g e e &R

BRI |, B IETD A R 1, SRR R i1 51 it

W10 y) =—mu oy) 4 1x )]s SE q TR B T L 5K

YR S HOR S, P, =ksinacosz, Q=ksinasinz, K EWGLIMRE, a,r FrNG

KT7 I A A IXFP VAT B S0 B, (H TR EIE L W R 6IR (source
from shading)  FARMFREDGIRIIAEF R, 1 HZ O AR =i,
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W %t SFS (Statistical Shape From Shading)

Giit SFS[SImOLJiid 27 ) NI UG IR HE G A5k 22 MR (K G T3 AT R T A
IR S . SR T AN RIS TR () = n(x) s+ e(x,s) » HHb(X) = n(x)"
NFEPER, SO R RMTA T PR, e(x,s) Ronilkzs, T2 BRSBTS
RIS R e —HOHDEIRAIES N HEIE B, fiin(x)" Fle(x,s) AiE
Wror A, Ziit SFS %3 N=(ST)'SB",E=B-N'S (G40 15 [ S5 1, (x),C, (x) T

He(X,8),0¢(X,8) o

SHRN T — MR A G, %07V 8 5 R R A 4 77 Al v SO R, ARG T 5
#e(%,8), 02 (%,9) » HJri I MAP 713K 45 ny 0 (X) = arg max Pr(n(x) [i(X)) -

Geit BRI L B 187 7L [ZhangL O3] Sim (45T SFS, FUZKEIE K {5 n(x)" )k
NI HIER AP EIR, GRS RO 6 AR T D2 %18 attached B3,
Ak attached FISE ISR IR 2T e(x, s) T %5 16 o SEil BRI I SE NGO VLIS T AR
S AR
m 3D ZBAEEL (3D Morphable Model)

3D 4B A Y [Blanz99][Blanz02][Blanz03] i Xt & A FN ' et [ i) A4k [y 1 10 304 T AL 2,
iy AR AR R R AL RIS IR A AR 10 3D AR TSR (S A SEAR A

K ARRIZOWH PCA BUBAER, IS =5+ as,» T=T+ 3 At - WREGIHHAN

ARSI IR B T AV TEARRISCER ) PCA Z280: o M B o 3D ATEAI AWK S o

ANBERITEARFISEESEL R, ST RIS p . SEATHE —MEAE R

N — [ fo s Sk L T 1 1 aiz ﬂiz (/Oi_ﬁi)2 =
W, FARRMARRRSE=E + S Ep+ ) —+ > T+ > S g A
OF Os,i i OTii i

2
o, i N i i ORi

B R A K A R E = (P Py s, e g R N

Osi Orj

FRVT 2002[PhillipsO3] % L& HIHF IE . (H T30 kAL, 3D AR TERER 5 ik vl 57
15 3D WJUB J5 k2 1/, [Atick9s] i NS HH, X AR 3D Ik

HI PCA Bk adtfi,
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a5 N PO ) B ERiR

B AFE4 (Intrinsic Images)

Weiss[WeissOL]4 H A3 51 B A& s IR S A R AR I R 45 BB SR AN e AU » (H
R A BN RIA R BB OEREERA SR ED, SRR E R AR KR FIEH]
TN AT G SEA AT € R RA DI LIRS, 2RI

BEPGIN log ia 5 A TIEDE ORI ATk (LO,~1) AT (L,0,-2)" D, JUI S S 2 ] ey i i 1)

EG R BT AT BRI R EAG TS5 o IR S TR BB MG IR 5 I GO S Mt (O
G AR O S R AT, X O BG4 v T AE[Olshausen96][Huang00][Dror01] &5k
D o X7 VEREA UG EH R ISR AR G, (AR SO TR 2R R, HIXSSEGH
PR, NS A RO R GER BAR ST 2o T LUK Fh 5288 EAA H 2R
ARG, [QingATK A {E (Median) #/ER it/ ME (Min) $:4E, BIEXHMTR
PR Gt mT LAEA T AR ARLRE V1 ST FH - AR, E X MR log 38 505 il 2
FHEA T G I aiisy &, OO UG ECHEEE SR (1) i) U4 2 A U o
F2-1: JUAP SR R AR Y R v i H R S50

Table 2-1. The prior knowledge used in some typical model based algorithms.

Tk SEHHTIR
i [ {5 [Shashua01] B NISTERARA], AR s 3 A B i
4ttt SFS[Sim01] FMGF RS b(x) FHRZEI e MR s AT
X Fk SFS[Zhao00b] NIEXSFR, NS TEARABL Mg B s AR D
3D AIEARAYVetter03] SR ERAT 3D JEARHSH PCA H 24T AL

2.3 XBUETELE

TEN D GRS ) B 7k, SRR 2 A th AR T R AR B AR (1)
ANRFIETT 1 SR FIAE . — HAE R R . 271 R R TG B AR, T
R HEFARASER AR >, TR Rl ad i NIRAE N IR R 5. (HiZR
THEIFRAA N o, HRE N E R Ekg9 R A I 52, BB RAARK
NSRS AR . Sl (A BRI RIS T B 8GR, (HAH A &
[SavvidesO4Dx MR FCHERBUER (AR I 38 (1) 7 VR RN RO HERBURSD, BT DAY IL AR SE
RGP I E— 2.

S N S EE VS HE % N TG 16 o inmd M SR TN SR DY S8 7 NS SE Y SEIE 5 N2 ey R 0
T 0T WX BAEE[Wei04]. A 75 K14 [WangHT04a][WangHTO04b]. Ty B 5 1413
i1k, (block-based histogram equalization) [XieOS]FI 5 F.—Lb (5L X 4 1) 1 7 B )ik
A1 Gamma K FEAZIE[Shan03] o 34877 VA X HA B (R SEAR G AL S EE AR, N KR 45
A TR e BATT oA b 3= 225 DR AR DG RO A USRI s i AR e [, R
PN Jai DX 5l A D' FRORH G (R AR A AR /N o IPEARDS B v, BRI X Jk
PSRRI, FRATTRT LATA A b RO P o AN A2 FHO GRS RS, T At A AR &
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GRS RS . DR fa IR AERD G R AU . TRA DR ARG B AR
DX IRALBEAH 5 G B S A3 B UT IR 45 3

M _EAZE 44K Eigenfaces 77 iE[Turk91] IR 5, K Fgeit1435 I i 75 e
TG FE TGl 2 I 7 ik A ZREE b 2% 336 IR0 Nk B 1 23 A
Hallinan [HallinanQ41iiE B T 5 HeO6 UG R 52 i A —A 5D 258 P o 1T HLSERRAIE R 24911 25
ERPDERAIEE T TR AT, RO SR LT . (I T4t
SR RRA TN ZREE, RN IR A A R s AR R IR A 1, JLhE
REAEE. 1T AT RGN IR IR PRSI0 EN, BB FLRIE B an )by
FEHERAESE IR o 50U [Sato04) T KA g BLAIER AT 3 I G B K TAE U R NZ35)

SIRFEANZASKAERD, 0P N O AN N =9, 77 36 SRAE . I RGUK

VERAENEOE R Z o fENT St 7 M BN TR B AE AT 3D o OBARFIZED
B A FDER N 2 IR EGRIE . Sl —2 TR BB S5
RR AT Ry 3 1 2% 1) 5 9 2 18] 43 57 % & [Basri0la][Ramamoorithi02][Nilius03a][Nilius03b]
[Sato03b], Jf 418 T —RA RS, HIXT7H TAEEAERHRN,

A R IRTE BUE—AS 3D ) 2D $H il e, AUNAE 2D B A EEAN R AR A I
FEPLEIR ) B, AR AR R ), IS 3D MR T, IR LS S K
IpR, ALAFIE T G R T VA A R o AT 2tk 2 TR RS T UG A8 1K) 7
BRI AGAE R R, e AR NI R P2, ] AT E AP AR 4L,
[l B R TSI, Z2HONEHRBNG A MUK, BIAE B ARG AT
HHF Cinterflection) AR, AFREEH RS LR E1E J77%[Shashua0l] 1,
2% attached P AREAHIE . XL VAR NI VU EARINAS T RIS A, (H
T NIRRT T S R A, 24 T80 ks R . an R A AR 3D JEAR,
[Ishiyama02] ] —A> i sR B B B 5% . 3D AR JERA[Blanz03]7% [E T BB s A4
RS, B EPDEIAA IR e+ — A A0 HAMLE H IS 2112, BRI
O3k R DE C S22 K K3 i [RomdhaniO3] . T g8 (i 77 vk rp ) 3 35 ) JS
PR D ANt . BEAR TR IR DI T — e SUR, (R 2R 5E S AL
R, EFTEALR TGP, PR FEILSE BRA, ads S B A
TAE.

AR 2 BB B LR AT B P A EE (WA OB — /N SO+ 506D, (|
WA N RSN — =AM, =S ER — MR AR B k. &
AT 9D etk 123 R (1) 715 AT DU BT R n AR RO I, X — il Bokidd, O R

BT FRFERE, ASONEUR I SGEI  , FET BRI RS, A et A&l
BRI, SR ER R MO G RAME B B B N A SURAE. (BRIINEBEEEEO HT A
JRrnl. 9D ek 1+ [a) 77 i [BasriOla] iy B ANITE L AN KK 3D 4544, 9 AN RUOGURIR 7572
[LeeO1]i# £ A NKAEAFE 9 AN mOGUE T IR EIE, X ek A6 HT I N R R Ge Rk it
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a5 N PO ) B ERiR

LB LT 2 BRI R AN, BATZA AR, Es
MNIEZRISEIR AR, IR FHERDCHN A BRI TR AME I H . A
R R BT AR MG B BIE EIG5VA[ZhangLOSISAEL,  (HEATTH A
s RN AR AN A, T AR & S B B DO AR 2R JLANETT, A1
PR 2B HEAN FI B BE GRS B R o e R 2 4R
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FZ=E ETHEHIEKEICHARBRGERMETT

NS R E I DS AT DM i o3 RS TEADEIEAME . ARSI b O B 2
e, NAEBUFEROEIESAE T IR LA RD IR BRI, P A
FEVUHANFDE AT N IARINAT— RO AR L. T H AN EA SIS B AR
P RS I, bl DUt T e AT

ASLCBAMTHIZE58, RO LIRSV A 2 ArRE T . WERSEELI 04T
JCI EURIE R 2R, SCIAIHSEoE ¥ L G R R E e 2, LU
ARG R, TR AME 2 HT AT

AFEU PR A RISV 5 A A — LR LA
FomH, RAMGRILE: BRDF XCi SN, et 2o, BRiiig
PRRTF IS8 WIARIE ) BRDF ADEHUE —AMRE g . RIaFE T X4, &
NS BRI IEAG VI PR RS . £E20 2B s BRI BOL AN TH I s 2
R IG, BJa/NEAE

3.1 AR

S TR e AR — IR/ 22 R R, RIEIR SR TR 1 ] B L EAR A,
AR AR I FDE A . — RO T U L(0, ¢) %o, Hor (0, ¢) otk s 1,

LRI . BT S HAR A OB T ek B &N Tr 1), DU EER RS s
WIS TTETLT 2 NS TLLEBr RGP BOE R e R C—ANEJ LA A
JEUED BRI R B HORFE . OGRS TR i TE FORFR O KX 2624, Ol
PR TRV -P oA M I EOGTE (Source From Shading). it SEALENTE
=R SOn'e Cinverse Lighting), v LUE1E 2 %l CInverse Rendering) [—B47

A HEREAL THHron86] /& MsZ Pk E IR (Shape From Shading, SFS) 15 & it o
PP V2 B e B TSR R, B — A GRS . O T A B 5T R D RO
Bi, WEZREBEH—NSENG G AR SO 20 RISt r s, 1976
A Blinn A1 Newell[BIinn76] & XA FH 540 1) B 116 [ R S L8 205 i 5 SO bl S
(Environment Map), 7] LLUE &7 DGR ISR . B TxXMUEAR, Debevec HIX
—ANHASSER (mirror ball) (1) 22 3R AN [RIBRG 1K 22 7K BB SR IR P S L 1) i ) A ]
(High Dynamic Range Image, HDRI) [Debevec97][Debevec98][Debevec00] K £ 7~k H %
ANTTIEEE, DU R R RS AT R GEH A 0~255), FSEHLRIRAAN T 10 6Lk
o B o Bl T4 S S 3 B K 2 5 e LB 3 4R ) JR R O B, Zhang[Zhang YFOO]
[ZhangY FO1]454 t M S 322 BR8N 2526 BRouT Ji R )AA TR 52 i o LA AR
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W RLAf E Bk _ERISCHE AT (Critical Points) KA 755 FR 24> sOGUR I 5 1] . Lo
BRI BT 1) 38 1L, BT DAORBE R Se AR AR Ko Ot BRI R IR] B KBl A

R E—ri6, FHE() = b, sin@+c; cos @ KRB . AR PIAAHAB N B 19K [0 — h, 01 1l

[0,0+h], XA ZREb ¢ Fb,,c, ZIMMEEEd =/(b_-b,)+(c_—c,)>T, WINIX

P BCIRZ [R]Dh 52 /b — NI, Jorp h 200K, T BIE. Y. Wang Z5:[WangY02]
P TARY B CATEARE R, I8 GHEH RG2S IER 7 ).

Sato %5 i #s 4T B 52 AR O BN TF J7 i i T R 2 1 A [Sato99a][Sato99b]
[Sato01][Sato03a], PEI4 M1 4 7 B 2 i st G B XL TAER— 2 ATBIRE
WAL A CETIR I 5 BB SRR, RIS ECRAE el bR F
I AN SOGYE, XA A T SR n AN SOBIRI S, T — 2t T FR sk i
[ 7208 AT LUEACR AR DT X R S S8, wT DU E— RIS T 45 48 5 R IR
[T E IS RS

Ramamoorthi[RamamoorthiO1c] 5 ‘5 AL BRI #1 B, FEsitarh A SO 7 ke, 1531%
ST R P IR0 By = A\ LinPipq (R IRNRITE SR THD, Horb A, 0T,

Bipg A STEAINIINE KA Ly, ATCHIIIE RE,  fy, 29 B RREME R A ARl

SO TR, AR — s SO R ) /U nT R 4541

Marschner[Marschner97][Marschner98] I F — 26 I kR S O L (105, AT
OGRS G ROL M SR L R . ARG TH S T X SO IR R 3, T
F— 2 et 7 FR A K A -

5 NGBS E RS v, IR 2 iR AR AR MGl 4l 4,
o H R N 745 TR A A5t >R (1) 77 v, 11 3D 21k ] [Shashua97] « 7 &1 1% [Shashua01] .
e HE[GeorghiadesO1) A1 9D £kt:-F25R) /i ik [Lee0l]. IXAEERALTHEL AT etEdl &
(R ZR B X ) 5 nT AR e/ —3feddisk g el SVD (Singular Value Decomposition) 43
flke kM. SihhgEvt SFS[SImOL]AIZE Tl 5L A [ZhangLO3]R FHAZ R T vk SR A 2k
PEZH & 1) Z 5. 3D A2 JE Y 774 [BlanzO3] W2 FHIE ALK () 7 V2 L ESR AR A B 3201
BEEROAALEZE. FRTTAN T R DRGSR E RSO, b — 257K
H AR, sy 5 07 7 Xie05] .

ALIRAIHET Baris[BarisO1a] A1 Ramamoorthi[RamamoorthiO1c])Z% 1) TAF, fEAisH
SRR G AL . BT 3D BRI E AR R 2O BRI bR A, BRATTRRZ A KT
WS . ARMEERTEERIL, JGROS A BRI s e, s NG UG A
i) () 6 R AR B RO B AT o DB AN TR A TG RPN R 2. X RO IR IR AT
LR EE EAE BRI, BRSNS . Pl i A1E 5844t Baris
[BarisOla]F1 Ramamoorthi [RamamoorthiOL1c]H H BRI BE 1S, ARG GG T
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HE e S NN SN CYNIAS T St

J B, g e R BT T o R i AN G BB IS ) 5B 36 R VRS 1 AN B PR B T
PHEEIG, NSO RAL T
3.2 TKEEHKIEL

ATHETTE, Bl VBB R oy A&, BN RS BT S sy, tBAEE
B FASES BAR  AEIIEA E, Bl D e B A AT 0 AT, BE Mo fas A 1 (g A T
JeRAL T

DU RCBRERY (sl 2.1.2 TP A BSHTTRE) Dl D dE A2 il —

B P Ay BT o SO 7 R A G S B R G I L (P, 6] 45) SNITOGIR L6, 40)
BRDF 5(60),¢/,6.,8)) fEERIALPR R R I FR o R R IHIFRAT1 20 3047 3D Bk (A A

PRB— BRI R 2 B SN IO BRTETE B R AN S R ER IR SR TT . BJe e
B S REAE A (2 s TE

3.2.1 BKEEK R
FALT 2D i ERAESL AR, 7R 3D BRI b R R B BRI SR ALY,

(Spherical Harmonic). BRIAERRECKIE TR 2 VBLRSE, &Y. BRIE DR
B 7E W22 SCHR[Tannoudji7 7][1nui90] .

BRI ALY, 5 SN
YIm (0! ¢) =N Im le (COS 9) exp(|m¢) ’

e @)
m 4r  (I+m)’
Ho Ny, IH—A e 72 B3R, T ¢ ISR ER R, 1 0 RO ik
k% (Legendre functions) R, %7xe MARRTEHEFRAT120 H-1<m<1. KEE B
A2+ AN EREL BTIEEEE 1 AR WET 3 B (=012 3L 9 ADERIE I R AL
X9 ANERINEP R E =B ORISR 0,4 £or) N2 BB GiFR/RAR
AR Xy, 2 &, Hhx® +y?+20 =10 s (3-2),

Yoo (6,9) = % \/1; ’ (3-2)
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_1 3 . —i¢:1 3
Y11(9,¢)—2\/;sm6b 2\/;(x iy),
1 /3 13
Y10(01¢)=E\/;C050:§\/;Z,
_ 18 e 13 .
(0.0 = 5 [ Lint =L [y,
_1 15 e —2i¢=1\/f
Y2—2(91¢)—4\/;Sln G 7 2”(x iy,
You(0,4)=— \/Esmecosé?e""‘ 1\/E( (x—iy))»
2\ 2rx
Yo (0, 0) =— \/7(3COS 0-1)= \/7(32 _1)
__1 /15 . i¢=_1 15
Y,1(0,9) = 2\/;sm6?cosae 2\/;( (x+iy))
_1 5% 2ig 1 [15 2
Y (0,4) = \/; ? e 4\/;(X+|y)o

FEVEELI, A I ER T R B0 S0 a8 . BRI R B Se B0 ks
e SN

V2N, P, (cos #)cos(mg) m >0
Yin (0, 6)= N P (COS 0) m=0. (3-3)
V2N, P, (cos8)sin(mg) m<0

EEX Al AT 5 A A2 XA 3By (1=012) HIERINE S RE S BB,
BT &
(x,y,2)=(sin@cos¢,sin Gsin ¢,cos6) ,

Yoo (6. ¢)—1%

WkﬁﬂNYnXa¢):%J;%szxL
(Y272;Y271;Y21)(91 $) = %\/g(xy; yz; XZ) ) (3-4)

Yo (0.4) =~ ((32 -1),
Yoo (6.9) = \/?5(* -y?)-

ALY 2D (8 BRI R K, BRI A e 3D BRI BB — 2 58 abrifE 1AL
o PICAERTRREL £ (0, ) e L2 #8AT FEIT BRI 0 e B B e AL A5
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SR BT R e N RGO A v

o0 |
FO.0)=2.2 finYm(6.9)
1=0 m=-1 (3_5)

J‘;;;L . 0,4),(0,4)sindAg .
by, (8, ) FRERIER R LY, (6, ¢) BT L
BRI R BT e e TE 20 SN
Y ( aﬂ}’0¢) ZD aﬂ!y)Ylm'(e’¢)° (3‘6)
WAE UL, e 5 BRI e BOH HAN ] m R 5 EKHNE R R B A R0, RG]
| A%, U D' A —AN 21+ D) x (21 +1) FIHERE, &R RER, 5 BRIANE I o A i i [F]
) J Bk T W B R M AH A REMN. HAS RO EH T R
R, s, =Rz (B)Ry ()R, (r)» D' X B,y MIMHHARTRIER, A BRIHIER R B8 Z Bl gt 1R

FW, e
Do (@0, B,7) = iy ()™ €™, (3-7)

Horpd' KoRGeY Hllied fo BRI R H0Z QT AR 4 .
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21+1
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p=2n 2 [ROP W, (3-13)
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BIMEZ, A >10EFEE, 5, =0 S >10MEE0, 5, ~ 172, K18 RE, 5, i
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Oy 6 70 12 17 6 18 20

I
Bl 3-1: WA S R B
AT SO R AR R EL oy > PTUAE HHATET | > O IR KL o, =0 o (BB AR BB | IR 2R
T

Figure 3-1. The plot of Lambertian BRDF coefficients p, versus | . It can be seen that odd terms with | >0

have p, =0.Also, as | increases, the coefficients decay rapidly.
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3.3 SERfEHRE
331 HREEHEEE
TSR M, B AR AR, Ak y) R AR — 2
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Figure 3-2. The example of spherical harmonic images of a face.
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HARBFMN BB TEEARN 55 o ASCTHIRATH — MRS SRR 5 ZOUEAY (Local
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RSITESE EI‘JﬁEI‘Jﬁ%EI‘Ji’ME?\JO, T3 78RN o AT BAT AL FH R Kriging i (i (1) 2 7 ZE 45
ROpFREEA, R
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A TRANKITEAR, LS DR RAE SR AN A B e, WIERAT Ay DUR 2
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P TARKSE @, AR CRASURTRAE U8 7R 2 — BRI Bk . AR ARG
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i FE R

(b) ©
K 3-3: P AR S AR RTEAR
@) BANREGR ZIAFIE AL E . (b) FRINETAR. @A RIRA N, (d) AN
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Figure 3-3. The shape of the average human face and the input face. (a) The input facial image and its feature

points. (b) The mesh of the average human face. (c) The morphed mesh of the input face. (d) The normal map of

the input face.
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“illum” F1 “lights”, Jrhigsr LA PDGT RIS, A ARILE 21 mEig
(f02~f22), XRARINIGKT 70 FEBEARIGL, WAESOREENR, FAA
ISt 22 iREIE (01, f02~f22), JLrh f01 A 5ot. BUGRSAAMN AL T G,
IAFEIR 6+ ROGIR G oSG AR AR A B 1] 3-4 Bivs . i TRA 13
IS A B, A RSSO b E A PR, BIEg 500 c27 IRAHML
HAIOH S . CMU-PIE JEGHIET “illum” I “lights” S5 I (3 1 SR 7
(RIPREAT 2 ' B 3-5 77 o

om
QI'OG 5

4 3-4: CMU-PIE Nt b 6 3D b wos Nk 13 AMHALRT 21 ASADEAT 1) xyz 284K
Figure 3-4. The xyz-locations of the head position, the 13 cameras, and the 21 flashes plotted in 3D to

illustrate their relative locations in CMU-PIE face database.
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Y ] %
‘l A
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3 F ! 3
(@)

Hﬂﬁﬁﬁﬁﬂ

@&&CMUMEA%ﬁﬁﬁ$£ﬁ%§$ﬁﬁ%?@%m%o
(@ “illum” &P REE. (b) “lights” & HHIEE.
Figure 3-5. The frontal images under different illuminations from CMU-PIE face database. (a) The example

images in “illum” subset. (b) The example images in “lights” subset.
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1(x,y) = jg L P(6,6,,0,.6,)0E, (6. 4,)46,d;

= A(x, y)J";?=0 LZ; dE, (6,,¢)d6.dg , (3-29)

=A%, y)E(x,y),

RIS et A P e sl e A I E S, DRI eI T g SR B, AT E
Fore R (3-23) F1x(3-27), H¥iEERHMERS], 453

~ Y D LAY, (6,9) - (3-30)

13-6 45 1 T CMU-PIE A JK £t 22 b I AN AN [R]ASAE JURIOG R (R G R 10 25 2
ORI 50 “illum” SE5 11 02, 10, 22, A1 “lights” & 1) fo1, 02, f10
F1f22). S Ry Rk UG i NG DXIREEBR R/, 2074164 % 200« ERAR PR ]
Elﬂﬁﬁ—ﬁﬂl?%WTEPEI’JAE"E’JMHD&ET;Z%ﬁU&k TH AR FEDGICT I UGS T )
JERARARL, Uil THEE R R SO, ARSI RZmAR N

llllﬁﬁﬂ
%llﬂﬁ}!
Bl s bt
Iililﬂlni

K] 3-6: CMU-PIE A\ J:&ds e Ly Ak v 2
HIPAT WP NEAEARFEDEI T IEIG, G 2ot himgs 8, Hrp a4 s A AL
BRI NI ZE R, (EAR RIS TGRS T2 SRR AL o 3 LA R T AT T R IR T A H

Figure 3-6. Some examples of the estimated irradiance maps from the CMU-PIE face database. The first two

rows are the images of two persons and the last two rows are the estimated irradiance maps. Every column of
the first two rows is captured under the same illumination. Evidently, the estimated irradiance maps are fairly
similar though the faces in the first two rows are different. The irradiance maps are illustrated as cubic

environments.
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T B AT TUERL Y A2 nT WA, RIZRSAE AR MRS B B 2 2 TR
PIRIOEROINAE DGR TR B . CMU-PIE N JK PR A0 & U S5Ot ]
B SHPDGKT I EGATPE F I 5 & 3-7 25 —ATh 4 7 AEIG f BERHIE G I
AOIPER AR RV SO BG5S KT RGBS “H50e+ReT” i
PR LA N EA D[R] N B3R = K B B T e Al v, IR “ 1
SOLHRDEAT” I THE RS R 5ot el T 45 R e 22, %22 5 HA e
JCIAL AR UL, BT 3-7 T LUE H 3 AR AL IKAE] TOEAL TR G
DR AL E R AT o IX TS — MR D E R A T 45 R AL 15 1Y

YRR
HHHE

(b)

P 3-7: JalEIAT N
(8 HHROGHADEAT. (b)) HHE0G. (€) @Sb)ZE. (d) ROGIT. ()5 ARG 45 R (d) IR AL,
RIS T 45 SR AL PN
Figure 3-7. An example of the subtracting of the estimated irradiance maps from the CMU-PIE database. (a)

Room lights with flash. (b) Room lights. (c) Difference of (a) and (b). (d) Flash only. The difference

irradiance map is quite similar to the estimated irradiance maps of the same flash with the room lights off.
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Figure 3-8. The average sensitivity of the lighting estimation to alignment.
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Figure 3-9. The average sensitivity of the lighting estimation to resolution.
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Table 3-1. The physical meaning of the spherical harmonics coefficients the illumination.
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Table 3-2. Some typical results of illumination estimations.
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Figure 3-10. The mean of the coefficients of the illuminations in the “illum” set (a) and the “lights” set (b) of

the CMU-PIE face database.
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Figure 3-11. The standard deviation of the coefficients of the illuminations in the “illum” set (a) and the

“lights” set (b) of the CMU-PIE face database.
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Figure 3-12. The classification of the lighting estimation on CMU-PIE face database.
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Tab. 4-1. The typical canonical illuminations.
_ 9 MG RS
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Loo L Lo Lia L Loa Lo Lo Lo,
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YR
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Figure 4-1. The results of re-lighting. The first two rows illustrate the cropped facial images. The next four

rows contain the corresponding re-rendered images under the uniform illumination and under the room lights

with a frontal flash, respectively.
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Figure 4-2. More results of re-lighting. The first row is the input facial images under the ideal illumination.
The second row is the real facial images taken under different lighting conditions and the third is the
corresponding re-rended images (re-rendering the input image to the illumination of the corresponding image

in the second row). The corresponding images in the last two rows look similar.
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Figure 4-3. Outliers detection. (a) The input images. (b) The estimated face part of the irradiance environment
maps. (c) The re-rendered images under the uniform illumination. (d) The detected outliers marked with

black pixels.
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Figure 4-4. The results of illumination compensating based on the difference image. The first two rows are

the original input images of two persons under different illuminations. The middle two rows are the images of

the mean face under the corresponding illuminations and the last two rows are the corresponding difference

images.
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Figure 4-5. The illumination variations in Yale B face database.
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Figure 4-6. The crop of the facial image. (a) The input facial image and the location of the two eyes. (b)

The cropped face part. (c) The masked face part with a mask.
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Table 4-2. Recognition rate comparisons between the different algorithms with different alignments on the

CMU-PIE face database.
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Table 4-3. Recognition rate comparisons between the different algorithms with different alignments on the

Yale B face database.
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BVC2004 NEH 2 T8 INNA AT 2% RS In) L, S v AT T B 0 A2 1 1T Az 4]
% TIPIANEEEERTH CAN4d 7. BVC2004 A\ b NS %, 3645 100 A,
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W 2 o NS EMGAE S AR T R IR A5 AR o T2 IR RIS A LR
Favitn, GRS RN AT AN S A0 K, T SO, AL 2 LA il
TEZAMNAEE T H$ ) CEAMGRUZ AN — MR AHER )80, DA X R RS 4 S 4
SEH RS, ] LA G5 iAo il Re ) s RS R 1) PR . BVC2004 N Ais e i) — A
Bl 4-7 s

4-7: BVC2004 NJK& eh— N NI G
Figure 4-7. The images of one person from BVC2004 face database.
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JEAE 2004 fFF) ICPR 213 ERHR R FFE AR N 0. i db—Le b iR s sy 5
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(1) Gamma KR IE: FFe L “baifE” ABEEIE 1, [Shan03]. A AT 132 H

(RARAE LR RIS T2 B MR R, 1 4-8 Jos,  HOGRUGIAED b+ AN E T 0%
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(2) teRKE: mirrE %o =05,

(3) XFx SFS: MAZHCN NI 3D JEARMDEIEA, Tk, AT AR 3D JEAR
FATRH Vetter S5 REE) 3D N2 rp e )12 N4 [Blanz99], JEHEAGTHRHIA
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Table 4-4. Some typical illumination processing algorithms compared in the thesis.

LR SEIR REMRE

H7 BB (HE) R AR

Gamma KEAZIE (GIC) [Shan03] Yale B DB #1 Harvard DB
tbx P (Ratio Image) [Belhumeur98] Harvard DB

KRR SFS (SSFS) [Zhao00b] Yale DB, Weizman DB
F47 P (Phase spectrum) [Savvides04] CMU-PIE DB
Bl (Relightingl) AL AL CMU-PIE DB #!1 Yale B DB
B e+ IETH ST (Relighting2) A 4L CMU-PIE DB #!l Yale B DB
Z 1% (Diff) A 4277 CMU-PIE DB #!l Yale B DB

] 4-8: Gamma MK ERZ IESL A HIFIRRAEIR (5o

Figure 4-8. The canonical images used in Gamma Intensity Correction.

KR R B 2050 Jstda G BT R S Gamma KEEEZIE)S KR Log 4k
TTAZIE L RFR SFS A3 RIRIEIR . AR ARIEGHUON AT B EIE . ARiE s OB+
T DGR R AN 2 [

Figure 4-9. The results of the lighting processing algorithms. The images are the input image, the image by
HE, the image by GIC, the edge image in log domain, the image by SSFS, the phase spectrum, the re-
rendered image under uniform illumination, the re-rendered image under a frontal flash with environment

illumination and the difference image in order.
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4.4.2 FFEESIGEER

DGV R 2 BTV FRAT T 06 6 B AL B 5 R0 HE B VA — PR IR G R B R R
B R AR R i, BRI rp LR B T R B B AARACLYE AN A DG R AL, 12N
BNEERN

K 4-5. K 4-6 IR A7 43 nles it T &AL PR AT Yale B.CMU-PIE F1BVC2004
NI a2 B sese 45 3.

% 45 FFITIEAE Yale B A JREHREE S 1,

Talbe 4-5. The recognition rates of the algorithms on the Yale B face database.

P (%)

BEAFR Subset No.
1 2 3 4
MO AME (No) 100 97.5 75 40
HI7EBfE (HE) 100 95.8 75.8 41.4
Gamma KR IE (GIC) 100 95.8 75.8 49.3
P& (Ratio) 98.3 100 99.2 82.1
Xk SFS (SSFS) 93.3 825 53.3 25
FHAZIE (Phase) 100 97.5 88.3 63.6
B5ele 2] (Relightl) 100 100 91.7 80
WEDG+IET ROGIEZE S (Relight2) 100 99.2 91.7 81.4
2 K% (Difference) 100 100 97.5 64.3

ONo BHE OGIC ORatio MSSFS OPhase MRelightl ORelight2 MDifference
100

90
80
70 [

i
(o3}
()
\

50 [
40
30 |
20 =
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Table 4-6. The recognition rates of the algorithms on the CMU-PIE face database.

. P (%)
SIEARR - - _ :
“iMum” 44 “lights” 45
AMBOERERME (No) 52.9 85.7
o5 (HED 49.9 79.4
Gamma KJER:IE (GIC) 54.3 75.3
&K (Ratio) 97.5 100
XFFx SFS (SSFS) 62.6 835
A7 (Phase) 89.7 100
Yse 2l (Relightl) 86.3 100
W+ IE T UG IRZ: ] (Relight2) 86.5 100
ZK1% (Difference) 92.6 100
100
[ | ONo
90 WmHE
acGIc
80 Dot
M‘ atio
3_73 70 W SSFS
= O Phase
60
B Relightl
50 ORelight2
B Difference
40
illum lights

X AT BMITEAE BVC2004 AR 2 I 1f Szt 45

Table 4-7. The recognition rates of the algorithms on the BVC2004 face database.

HEAARR PUIZE (%)
MG AME (No) 27.0
B E¥E (HED 41.1
Gamma KJERZIE (GIC) 38.0
tb#% & (Ratio) 49.6
Xk SFS (SSFS) 20.6
AANLE (Phase) 33.2
BB 2] (Relightl) 50.3
BB ROGEZ:H] (Relight2) 51.6
#K1% (Difference) 48.3
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4.4.3 FELRIEER S

I F R S 5 RFRAT T A B

(1) A7 BT (HEDFI Gamma K AL IE (GICOHTE Yale B SR £ 2 A CMU-PIE
NIEEAEZE X AR R s A S, HAE BVC2004 A 4 X R 264745
KHE R XU X PP 1] B d P 0 77 1k B AE — e R I 556 AL IR 5

(2) AL (Phase Spectrum) 7E Yale B A4k AR CMU-PIE A Eds 22 LA
TIRIFIEE R, A g F SR g A ZEA K. HHAE BVC2004 A KA 72
P ER A AN K o TP AN s A b B R BCHE L AR (BT MG AR R N TR) A R
%, BGZ R ASE A DEIRARL), 1T BVC2004 KKt 7 th % o i 2 s AR AR
K, FEEGE P BCAEA ARG i T AL BURE AR BCHE LA ok, Bt DL
BVC2004 A J&#di e FARIAVE:

(3) XIHK SFS AETATISEI H &5 ARG, H 322 ] U AR AR B R s G IRAR
Wo HAE CMU-PIE AGERE R “lights” 4546 L& M EAA ILAE “illum” 44
I RAT . 7E BVC2004 Bidlide 4 Bl i T 55 FR SSFS 7E R eI s FAEE
R RASEEG R KGR TH BRI TR 1 ROGTR BRI 524N, RURAEAE SOGIRFAEE T
FH O HRPRIATG 1) 2 8] R 2% R e o SE DGR T I ANGE, AR ROGUE T DG Rl 45 R
o

(4) tkZ & (Ratio Image) J7vA{E A 8 tE HARENAS TIRIF RIS R, B T 1E
BVC2004 N EHE SN, 2Tk 45 R ) WPt i (4 R 72 3CHR[Qing04]H, FATTA
PG G R ORI T EER B R, IR T log drf BGHA eI AR LR
B SR R RRAT IS R IR R AR B DAL PE BE R CminD) FIH— A0 ) A OC R 3L

(Normalized Correlation) AHAUPEE EAHEE S, LLEERE v I RaEEEs (L) B

57 2 aR . (HE M FHREIEAUSAGE Gy, Prl Rt
o USRIV ERE S BRI s R ARSI AR B
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(5) ASCHEHFE T2 B A (Relightingl A1 Relighting2) 1522 K% I AR
2% (Difference) 7E& M4 FAIS TARGFIIEE R, P30T RIZ LR 7V )1 BEAH
FAK. ZEGTTEAE CMU-PIE NKEHEZER) “illum” £E58 Yale B A KA 22 (1)
Subsetl~Subset3 |45 e iX =F ot i ar iy, B ZE RGO A IR AL & BN 25
BRI RIS R ARG RO PRED G+ IE I SOGIRM 2 I LA e I e o, (R =%
FAZEAK . B ERH G BCHE AR B0 T TERAS BA R ARAER . 7EA S8 8dhidE b, LeREDy
TR 25 RAIRX AN CIAME TR I, XA LL 2 B R T T log 188, REfE
—ERERE EAEIE RS, IS I RRZER D

4.5 FBREHIE ARSI B9 A

A ELBAA T B NN SRk K 2 3 T-8eit22 2 71k, i SYM 57k Yang02b]
A1 AdaBoost J7 5[ Viola01][ Friedman00][LiSZ04b]. & T4t ) Ik i fi 2 — &I 45
FEA . WMRNBHEARNE RS, REMTERERA KL 7ESERrEoLT,  FRA T8 5 REEIL
FEBIH R 2 2 R EIR, (HIG 2R MR BIE 0 2 AT S INZRER I RIS, anilll 2k
S EGIDG RARAN G LU 5 A GRS ] o DRI — A B SE TR v e i
AN —IREE, & BHEAFDCRRK RIS, U RINZE. AT 201
FEIAME ] USRI R G R A B 5. Tt EL el T4 TrT A il AN BUR DB IR 4
PR BT, XA i R ) G P A

45.1 BiFARAERE

P BRI B RGO LU IE W IR . O TAE VIR A R A R 78 2548
WA AR, FRAT TG 22 SLA AR A A B SE A MR AL S, PRI H bR IR R £
e Hrh— N E T

AP EATERE T 3 M ARG I o sk BT O el DS £77 (il 2)
FRT7 7 3), Wil 4-10 Frose AJRASI st IR (1) A Bm 5 AT — 20 2k A
KIGAetisis, B T X2 TN Enei O 4) B EGR. A0S
S5 [Epstein95] A EE 1 [RamamoorithiO2] ik B A R G HE T I A A2 fk v LU —AS 5D 1%
(AR . 1% 5D T n LAA] 5 ANEPETLOCDE RN B Gokiig . ik 4 B HARG
FEON B EHRAE N IE IR B BRI L nT LR A 7 55 A GO AR 7 2= ) 5 A
KA.
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Kl 4-10: NJAsii b H bt E .

Figure 4-10. The configuration of the target illuminations for face detection.
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B 4-11: NS h g HAra .
Figure 4-11. The target illuminations for face detection. (a), (b) and (c) are the lighting condtions of points

light source from above, from right and form bottom, respectively.

ST RBEHLA M 351 300 5Kk IETH G B, 380 ARG X, 5 R NI T
H—Ab. FIAZE 4.0 R i777k, TLLRAEARZ SR HFREH. XFEsinT LA1S 2] 900 7k
B H B ER NI A —%iﬁﬁﬁm@4u%T

K 4-12: AR bk T PR A AN F D I AU AR
@) M5 G (b) X (@) i B AR X Idbr AL 1] 64x64 K, i mask Ja 4. (€)s (d)-
(&) 73l s (b) I b2 HAROGIR 1. HARGHE 2 A H ARG 3 F Ry

Figure 4-12. Face relighting for face detection. (a) The original images. (b) The cropped, normalized and

masked face samples; (c), (d) and (e) are the relit images under different lighting conditions.
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45.2 ANBEHEMLER

ASCHEATTH SVM 43 B8R SEHL RS2, Forh SVM 3 R38R B0 — 2
B

H T By RASTERE T 2 H IR PGV E A2 BRI B E A S, BA15r
TN UNZEE, PR B M H A ] -

(1) ML 1. MIT BINZREE, Nk 2429 4>, AENJK: 4548 4.

(2) &S 2. MIT (IIZREE DD B BF AR R RORAE AL 2429 A4S, R N A

4548 />, HIHPHTAE B AN EREAE Il 28 1 i 900 P AGFEAS .

ARSI IA TS MIT BUIUEE, rh 3t 24045 RS, T 472
NG 23573 JE NG . T X Lo 815 19 < 19 IR FE MG . N ZRB il A4
Al LA MIT [f) CBCL sk % % & 5t T 4% C http:/cbel.mit.edu/chcl/software-datasets
/FaceData2.html).

K 4-13 73 5 PN ZREE VIR SVM 4328 8545 MIT 1) CBCL WIS L i) A\ JKAdr
SRR, SR DIEREREHIZE (Receiver Operating Characteristic curve, ROC curve) [/
A&t . K No-Light FKonillZegk 1 ISEE 4521, Relight-900 4 IZREE 2 5545 2
M AR LUE AR ZR S HAHEISOL T, & eI ZRI 70 S8 a8 AT T 541

+
45

ROC curves for face detectors

Correct Detection Rate

{[—a— Mo-Light
1| —&— Relight-200

oS 01 015 02 025 03 035 04 045 05
False Positive

K 4-13: RIS LT SVM AR #% 1K) ROC fhZk[& .
Figure 4-13. The ROC curves of the face detector based on SVM trained with different training sets.
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Figure 5-1. The framework of the face recognition based on the EigenHarmonics model.
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Figure 5-2. The average face in the reference space (u, v). (a) The shape of the average face (height map). (b)

The texture map of the average face. (c)The normal map of the average face. In the height map, the intensities
are linear scaled to [0, 255] according to the height of the vertexes. And in the normal map, the R, G and B

channel are the values of the normal in X, Y and Z axis respectively, linear scaled from [-1, 1] to [0, 255].
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K 5-3: RAEIEEHEEIE
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VAT A a — MR R R . SRR, AOAGETE (ERTEHI 140~240).
Figure 5-3. The visualized of the eigen-harmonic images. The first row is the average vector. The second row
and the third row are the first two eigenvectors respectively. And the last row is the last eigenvector. Green

indicates positive values and Red indicates negative values (the range of intensities is from 140 to 240).
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(a) (b)
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(a) FANMKL. (b) SRR HIEIG, For (R Fon AT W d s s e s

Figure 5-4. The input face image (a) and its aligned image in reference space (b) (the white pixels are

invisible or invalid in the model).
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Figure 5-5. Some examples of the estimated irradiance maps from the CMU-PIE face database. The first two

columns and the last columns are the same illuminations with different person respectively. The second row
is the corresponding estimated irradiance maps. Evidently, the estimated irradiance maps from the images of

same illumination with different persons are fairly similar.
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5-6: CMU-PIE ARt e b & Ao I Ol R B E
Figure 5-6. The mean of the coefficients of the illuminations in the “illum” set (a) and the “lights” set (b) of

CMU-PIE face database respectively.
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(b) lights” 4E24

5-7: CMU-PIE AJKudls e & RGO R B 75 7%
Figure 5-7. The standard deviations of the coefficients of the illuminations in the “illum” set (a) and the

“lights” set (b) of the CMU-PIE face database respectively.
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Figure 5-8. The results of reconstructed spherical harmonic images recovered from images of the different
persons under various lighting. The first column is the images used for the recovery, followed by the set of the
recovered spherical harmonic images.
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Figure 5-9. The input face images under different poses (a) and its aligned image in reference space (b) (the

white pixels is invisible or invalid in the model).
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Figure 5-10. The estimated irradiance maps from the images of the same person under different poses but the
same illumination. The first row is the input images and the last row is the corresponding estimated irradiance

maps. Evidently, the estimated irradiance maps are fairly similar though the poses are different.
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Figure 5-11. The results of reconstructed spherical harmonic images recovered from images of the same persons
of three different poses. The first column is the images we used for the recovery followed by the set of the
recovered spherical harmonic images.
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200 o HAR AT UG A D E R Z AR, 24 S5 B A P IR MR D BRI A 461
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X FLHAL I R IR o IR RGN T AT RE 2 T Af—28  {HODZR M7 A1 [ 7 ¥ 7 %y
TN NGAEAEMBEBILEIR, WA RS

N U IPCA R B ELEAE A, XA Eigenfaces[ Turk91] 1) /72 A
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PR FEAR], FRFgm SRR,  FLARRIE B GO0 B REE 4R R /> CHPCARESEED
5 VA TR AR TR . 28R M PG 53 R i R LR M PC A ZR BRI o R AT AR 75 B K T
[f]o T34 ARSI AR I L MG I R R AN K, H SRS AT LU 5
FIT LA 92 10 NG AR 5915 B A OD R 143 [ (1) J 1k vl fig Ik — L,

HHTAEAH 2 RN R, AR SCERAT 1326 F B MR IRIPCA R E o N ARl . AT
AT 1IEHI CMU-PIE K Eictie AT A E [SimO2 K 4 UE VA A R« BeAl T — 3L eat 1
PRALSER: A YCRARL I IE S PRI SERFEAAR I A . Hof
JEF LS T R RERATOCRA RGO H A6 IRAR A0 75 5 5 ok 2 DA R
CMU-PIE K 2548 e PO G RG0S T4 “illum” F1 “lights”, 3L “lights” 4E
A BRI, PRSI SRR TRA T “illum” S5 BT ARSI S &
BRI R AR A2 T3 5 T o

5.6.1 AAAREUMLRER

e IRAR AN 23 B S0 A R AS SC 3 4.3.2 715 Fedl 143 7%t CMU-PIE Ak 22 1E
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MREE (p27) PRIMASCRES: “illum”E5 R lights" 8255550 . LR BB &S
SYAAIEI R (F1D) & MR8 0 R, MRAEdE o 1 4 146,
Subsetl (f06, f07, f08, f09, f12, f20). Subset2 (f05, f10, f13, f14, f19, f21). Subset3 (f04, 15,
f18,f22) A1 Subset4 (f02, f03, f16, f17). LU 45 HUIFE 5-1 Fir.
MRS R AT LA Y AN BRI A ) PCA REERAE L] J5ias B

HEEARAE NN A TR KR &, CHAR AT =AM RI I i 174 E

(Subsetl. Subset2 F Subset3). 7EIGHSCIIELZEN Subsetd A4 AN 22, JRIRZ —2
TEIGATRZERT, T AN AN A R, IR B RS I SR . X et
B 0 RS SIS R A I g N R . RIS T2 s, BRI
SRR TAE, RIEXEEINPE R G REAS SIS, TA TR B E E
MR i, AN R 45 R s 2,

#* 5-1: CMU-PIE N % 72 EAFD G RS R .

Table 5-1. Recognition rates on the CMU-PIE face database with different illuminations.

PR (%)
AL illum lights
EE Subset No. Subset No.
1 2 3 4 ] 1 2 3 4 ]
d, 958 | 59.1 | 243 9.2 52.9 100 96.8 | 849 | 449 85.7
dy 995 | 934 | 69.9 | 316 78.2 100 100 96.7 | 74.6 94.5
100 Bd() md®)]]
90
80 |
70 5
60 [
Z 50 4
40 |
30 H
20 F
10
o H ‘ ‘ ‘ ‘ ‘ ‘
1 ‘ 2 ‘ 3 ‘ 4 1 ‘ 2 ‘ 3 ‘ 4
illum lights

5.6.2 XN BRI TR E R

TELESHDC IR RN AR A B X o 52, FATIEE CMU-PIE AR 72 rh i i A
BB T 05 (AHk 225°) Ml c29 (£ 22.5°) 1E M4, HpMERET Y
FFE 21 FIOGISAE Cillum™ 25D, AT R RS A B I T L& ER (e2D)
Heillum” AR IETT SOGIE (FLD FRIEIG . seieg sk 5-2 fios, o f11 Jifer
AT LLE o A SR DL
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(1) Y HELELI, AR EE I PCA FREAERAE IR %
KL 80% A

(2) el ZE BHPERZ) B, NSRBI RRIE CNF20%), Wi
c05 FIZEA €29 HH(f02, f03, 16, F17). ANIdIXAE LS Al AERR /D>

(3) A WA ARG (BT gD 1, AR Z 257 50%.
WIAFS c05 FIEZS c29 AL 41 E.

CEAIXPPEOL, WRARAE A ARVE, FONIE LA ISR i G,
PR IS, NSRBI 9D ST v, N i 1 B A 1% 2 BE i —
JI54

42 5-2: CMU-PIE AIGHLHi A AR RIR R T IR IS, S

Table 5-2. Recognition rates on the CMU-PIE face database with different illuminations and different poses.

AC | ©05(di)| c05(d,) | €29(d\)| cog(dn)

02 0.044 0.118 0.015 0.162
03 0.059 0.191 0.029 0.176
04 0.103 0.353 0.059 0.265
05 0.397 0.441 0.103 0.529
06 0.735 0.735 0.162 0.75
o7 0.676 0.559 0.118 0.662
08 0.544 0.691 0.588 0.809
09 0.235 0.603 0.676 0.706
10 0.324 0.368 0.088 0.426

f11 0.676 0.780 0.838 0.853
f12 0.309 0.662 0.765 0.706
f13 0.074 0.441 0.221 0.441
f14 0.088 0.5 0.235 0.485
f15 0.029 0.279 0.059 0.309
f16 0.029 0.162 0.044 0.235
f17 0.015 0.176 0.029 0.147
f18 0.250 0.368 0.074 0.382
f19 0.647 0.632 0.118 0.735
£20 0.662 0.779 0.838 0.809
21 0.265 0.662 0.706 0.632
f22 0.074 0.412 0.118 0.338
T4 0.296 0.457 0.280 0.485
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