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Stereo Calibration

(Photometric Stereo Calibration using Constraint
on Light Source Directions)

& 4 &, Nguyen Viet Hung, & & &*
(Seong-Cheol Jeong, Viet Hung Nguyen, Sang—Chul Won)

Abstract : This paper proposes one method on photometric stereo calibration using the constraint

on light source directions in which the light sources have the unknown tilt and slant angles but

the slant angles are the same. First, the constraint is analyzed based on the equation of linear

ambiguity which leads to the conclusion that another constraint should be added to solve the

calibration completely.

Later, the combination of constraint on light source directions and the

constraint that there exists at least six surface patches having known albedos is exploited to

resolve the linear ambiguity up to an accurate and close-form solution. The effective

performance of the proposed method is demonstrated through experiment results.

Keywords : Computer vision, Photometric stereo calibration, Light source constraint, Inspection

system.

.M E

AFE Hdol YojA 71 3
Fol7l o] dHlolE o] o
olFe W WA mwel 714
2

=
o]t} Photometric stereoi

J
v r&
rot
i
o, Md
2
ol
_?L

e i
<
)
it
BN

oy BN

[

Mol o

o 2

ol
40,

P

N
[
|

2o

N

_%
i
o,
o
—
ot
o
oZ
N ool
N
k1
ol
5]
4 ™o
Rt

1931 A AMEE= 574 A
of FURA (light source calibration) 7]
photometric stereod] 7F4 & siAgdA= o
o3 ok Anpt BHERA Ve o=
Ad Uz 2vutE Ed @AEE 14T JF
A oS 3AHE olm AR HdtE 7]l
AHEE Aog AWHE olF fd oF dTEe]
A rE 2E AFdA = ojug A =7 §l

ol 2% 3x3 B35 3™ (ambiguity matrix)?FS

MO ofE off (B ob 2

St rlr
1,
B
=

BN
ol
o
o
tlo
aal :lO
I N,
il i,
N i)
2 >~
rir ;;)
fo i

Ny

=

=)
A

oo N oo 2 o )y

s

*Corresponding Author(won@postech.ac.kr)
Received: 03 Sep. 2012, Revised: 28 Sep. 2012,
Accepted 04 Oct. 2012.

S.C. Jeong, V.H. Nguyen, S.C. Won: POSTECH

(© J. IEMEK 2013 April: 8(2) 111-119
ISSN @ 1975-5066

o
M rlo
o,
N
)
o,
i
lo
of
o
°
Ao,

HAAAZ vhEo] W & Qe AS B3, o
AL ZE A (ambiguity)S E7] $l8iA Alg
7ol A oR ALHojok 3 BT [2]. 4
Hhd oz o]lgldt AAEL W e, ¥
AHE, B AE 4 FdwEs x3sta Qo

E2W Fejet #AsA g de 4 Az
7ALe B34S Generalized Bas-Relief(GBR)Z &
ol AE7bs Aot [3]. ¥W WALES 1H
= AirAQl Atz 29 g xSl A
o] d#H R dHE(albedo)Eol ek oy EA
3t EAS VA YRS X digh x27o]
o FL A-bE da] 2ol AR 3Y A
= A2 dgst HE= & F e 7ot
o
A

e o
o e O
FRHU
-

A X7} 5 (integrability) |37
| s

el
AE 271984 b2 AdxzAey

= L= sHA|
AHEAIAA AHgslex gtk J871s49 39 2
= Az Ae %3S Lambertian FH¥MT ofu g}
FRMAAARIE 23 AR BnAgARE o
o= £8S ot [4 ,5]. v 1 Agw <
18ES Azl 2 AU @Ee] stk Ho



L4

112 2o drskof o st MstE= 2 0| &8t Photometric Stereo Calibration

= 6709 &4¥R albedoE 7HA=
BEE 7H= B did HEs 019“5}04"1 B
AEAE Zeold FHE o] &3lA FAXY [
ATkzt, weF Aol 3719 ¥ ”“Ei(normal
vector)tt F Wdfo] FolXtd, 11 2y ol 3
i [6]011 A4 7Nkl iR ]4_0}04
closed-form &FAdoz dold 4 it} I8z
o WAREe] @A A 9] thE albedo#ts 7h
Ao & W= albedo #3329 IE=ZI|(entropy)
= Yolxja 1 Z3 GBR HPHuHELS JdEZY
g HasAomN Hod + gt [7].
M
TS E W WAREo] 1
A|FEAL convex EH"L
A AFEE AT 1A
WEFERe] ZEolMd, 1
t}h o] Alg =1

| 2} nominal

d
&

Lambertian

n)
boi=h
o rlo
2
ol

o s
o

o
offt
mO
) i ) HU mlo
n}L

|

=)

2 _2“ o
9% i=
E oL
r)_ o
E
ot
o
rl
e
:?\é

non-convex st

=)

=
i3
A1
o
T
U oo =)
N
N
Mo
i) {
ofd
{0,
o
o
2
FlO Ks)
o
Y
rol

=

i
rlo
ox
otk
9
)
i »

e
o
o
= o
32
o
o
Py

BN
o
B
P
S
fz
»

J(conservative)dl] <3 gk
}]?} g2d Exﬂ A

toslant Zb=
A4 7}%5} olrk

o
>
>

IS
=)
o M
1 —O‘
)
011

A Ho AN Y
=2 O e
o
o,

il
)
oft

2
e
T TP

I o

offl

L

o

32

2 o
2 ro{q

°°“F7} 53 sl 4 oF ?l‘ﬂr. 0131 :IlT_ X*erxqoﬂ
Al LAskE ALke EEAA F 5 7] W
~utEED e wuld tulol o] HA AHEd
F Sth

2 =2 U5 2ol FAHAN. 2=
grayness photometric stereo®] 7]Ex|23 H A
o] maAdd s AwHTt o] RS 3
g A= AE o] &3ty RS sdshe WHe

O

i

of

8 1. 132 ¢l photometric stereo system

Fig. 1 Typical photometric stereo system

3o AetA T}, Jerry's Taurus Studio [10]
ol o] ~E 7|Wto e A A= 4FoA H
Ao 5 E 2 =i A28 vehddh

| . GRAYNESS PHOTOMETRIC STEREO<}
UNKNOWN & 2| HX™of AoAe =5 M

1. Grayness Photometric Stereo
Photometric stereox TAE 7tHetel & %
A9 B ol dojd oMARRY YRS

Nestd wwa WAl 54 e Wl
Aduix oz 3719 TU PHHAo] ofd FhozH

B Zoj:= 37¢] om A7} FHste] A} (Fig. 1).

HAE 29  photometric stereo methodol A,
Lambertian W] Al 719 Fo2 onA & Fd
gk dle] g 7R dA AE MR fA g
Fdel o3 AT AYrr, 2gAE et Aol
AL gidel gsiAe, L oovA R AR Y
(orthographic projection)e® 1= 4 At} 2
Aoz 7 WA A

L=\ - ni)/Ej(A)Ri()\)S(/\)d/\ (1.1

1= =)o, [ BB (DS (1.2)

&) W Y, e jiA e
Fgoloh. “"ﬁo}ﬂ] o2 jUA 3 ds AFEY

ol A71E 7Hih RN, p, ne ¥R
(L.2)e] HE3k2 albedo, A JAZ FALsH=
A2 el AQarst @ normal WHE G vl
Ao 2, SA)& Fhel Ao el v
oF 1 Fe WFEN FFES 43 Ak albedo



N

4L L]" =
Albedo %}
n=L TI/pH¥ zro}zit},
Adukxo® e FY

[t 1,15)Tn or IT=L"pn (2)
=zl

normal W E] =

el A Qloj7l

719l

olmx|7} Q& wl, el 1 albedo®} normal 4
BHE  least  square W o g HolHt}:
=M 'L, 2®a n= (L7 'L1/p.

2. Photometric Stereo E& 1t 254

f7le] FJo] ALEE = photometric stereo &
AE ays|rzt, zb ojw]A|ult} prije] FHAlo] 9tk
3 7HAHEE pxf Y [2 olnx ZAE HoHES
CEERE
I,

TRRY/

if
I=|:
]pl"']pf
= [bl by - b,,]T[sl 5y Sf] B’iX]JS?Xf (3)
A7IA BEgL oW HqPHo] EAsh= 3x3
g4 Aol dald Wk B'=A4"7B S =450
I=BTS=B'T§ olg}aL &},
wets] FAdEES BAsH7] fEiA
2 °°‘“°161 R
7kl ik A7} ﬂﬂ}
e Abel9 H]Eo] F
4 B9}t SqH WA A= rﬂOlEﬁ»
o 2 [2]oA AFEAT. FE A9‘r
oﬂzﬂ =y AXY #53 aHARE X
5&% dolf= FEI ARE AFAFA Lo
W] AGFHAELS wEA] grE A ofyt g

il

rlr

L

zE

1. olo|X]| e p= el
(Singular-Value Decomposition)
OkA AFE AT 7ol ggo B
o} 59 Fo & yehdrh v pE 3xp W 3™
olal S& 3Xf FY dyHolr}, uiFo, IO] rank:=
3o]ofof i}, SA|RE AA R dojzF] o|HAELS
Rt} 2 rankE 7 7 €S wrEoidn. 1
olfr wolz9 ol [2]4 Wzl A 2
Bet s¥PE SVDEHor FAH A5 2l

2
ooaze B9 oF oe U 5

ojm A i

o],

g A

8

M 25 2013& 43

113

VS 2o 3o guse Rase A o

il

tlo

A S

3X3 FiE, 1
-

px3

o]

e

fu

xal

2

Fay

ot
I= U, Xy Visy

P& FRAYE 1779 R3]
o2 7HAE el Us
1] Aatst ® afHE Sl
Arow)Eel 1779 A+t3
P ot
g4 e

[«

= €

V<=

Ac)
‘I‘J\:Ilo

Tyss

zeo] Hunr %

3]
, least square®H o & o]Abx Q]

o
=

=UsV
A=, gd B 2 3] YA ¥
=rrg wEHie T
s 23 x 2 By
, 5 =5,
srobxit},
I=(U(E)")(Z)*V)=B
B=(U (X)), 5=V,
B=A"TB §=45
Bs} S 77t

o]

S:

o
7Hel 3x3 el

el A

(4)

Al
< (column)
gdola, 18

BA

=(X)e Ausy, psl = hew

(6)

2z ¥ H(pseudo surface

matrix)¥ XF FYdPH(pseudo light source

matrix) @t EAC. Ay B wfFed, 1 Alg

212 P4 A5 27 S8 AREEojoF gt 1
oo o' 1 FY "o sk Az A

|E=AE Ve

2, adrer Ms =A

g]

i3
=

[S)

= e
o, sin(q, )cos(8,) o, sin (ay )cos (3,) -
o, sin(q, )eos(8,) o, sin (o, )cos (B,) -
o,c08(ay) oyc0s8(a,) -
afsin(af)cos([jf) ayp Gy Oy 51 821"'?”
oysin(ay)cos(By) = | ay, ayy ags || 5y, 55, - 5, (7)
o cos(ay) ! |
o, 0<a, <90, 0<B, <3602 717 kA F<d
%, slant 7}, 18] 3L tilt ZtEo|t).
37 WA A o] AARE (3f+ 970 WETE EA
ol o]R e oulg Az o= HAo] &7
stttk A& o gt}



114 HY ekl et MetxdE ol 28

a9 2. A slant ZFE 59 A sl A 9
FH9E (a8 slant 4%, 8 tilt %)
Fig. 1. Light sources under constraint of similar
slant angles (a: slant angle, §: tilt angle)

as 3. o ole] = 7ol didel digt

2 slant A=E 7k ¢

H

it

Fig. 3. The illustration of different slant
angles for two objects of different
heights

ofe] AA|l A"l AL 7hee Az 3§
1o ollE oE gole tdd e A s
= 29 A ZRA 20t (Fig. 3). ditdos

& FAEo] Ao convex’t YHola F

-

ol

o] g
& 7% Qe ;ule] Bxso] k= AT
F AT,

old #HA PH S&
o, sin(a, )cos(B,) o, sin(ay)oos(B,) - -
S= |0, sin(q;)cos(B,) o, sin(ay)cos(B,) - -
o,008(q;) 7,008 (a,)
ofsin(af)cos(ﬂf)
Ufsin(af)cos(ﬂf) (8)
afcos(af)
3f7hel WA (2f+10)719] WErE Ao A

o
X
=
5
(=it
ffU rlo g
=
>

oo s s 0
e 5
S
?2 r\l
i e
g
2o
o 2
£
L
2 3

o
]
2
oxl
% N @ e

o
e .
2]
[8°)
=)
il

[o
N

=

sample59| albedos 2%t
A3 o], 1 albedool Wg 7HE2 A¥Y
°

o
o)
s
=
o
0 for o & 9 o
i oo ob ox o & oflr

4
R
5
rir
)
9
ol
w
X
lo,
j=)
o
=
3
D,
g
2 0

I rlo
9
oty
L
02‘;'4
)
o
P
N
do
:(ljlé
>
)
ofo
it
4
uj

3, AT £ dx H5 A7 s
| T 7bed wolob :
Wk fASA, Holw 3o FATFE mlE] 2
ofof Fri TP AAHolx Rtk 1 3A3Y
= E g2 9o niis Aazde Al
431 Aot} AW 1 AFZAL closed-form
AFd FA Reth B =EdAE
closed-form¢] sz 2 3dPES &7 9314
PBAurake] A xS Aottt}
gkl Aol o)A 79| albedoZ oF

, (219 Al webd Pd

to ot
i
OE'
(A N

e

2
> H
0 2
fob &

A 5ol UrtH
AP g e PF A4S o] Rdte] Ao @
t}, & A=RATo|th 3APH RS T8l YA
el RS x, y, zFo] digk Al e FHe =
Fro = yErdith
R=R ,R R, ©
= [cos(#) —sin(#) 0] cos(¢) 0 sin(ep)
sin(0) cos(f) OH 0 1 0 }
0 0 1/[—sin(¢) 0 cos(e)
x[1 0( ) _0( )
0 —sin
0 Cs?i(z) cos ';S
olAl REA WAL §=RS 9 § =450t}

cos(¢) Osin(p)][1 0 0 S
0 1 0 [|0cos(y)=sin(y)]|sy,
—sin(¢) 0cos(¢)] 10sin() cos(8) SZ



o, sin(a)cos(8, —0)
o sin(a)sin(8, —0)
o, 008 (a)

cos(p)s,, + sin(¢)sin ('y)s;y +sin(¢)cos (7)s,.

= cos(7)s,, © —sin (fy)ezz

—sin(¢)s,, + cos(qb)sm( )S’ky + cos(p)cos(7)s,.

o, sin (a)cos (1)

0, sin (a)sin (nk)
o, cos(a)

\_/\_/

cos(¢)s,, +a, sin(¢)sin (y+7,)
N a, cos(y+T,)

—sin(¢)sy, +a,cos(p)sin(y+7,)
o, sin(a)cos(n,)
= |0, sin(a)sin(n,)

o, 0s (@)
/52 *2
Sky + Skz s

N, =0,—0, a,=
sin(r,) =s,./a,, cos(r,) = 521 /a, (10)

1250 Aug AR °F3)
WA il AEES BAAYR §Aste a% 9
nEel o] zEo Ulg & o] ] wiel =
Aot} 2™ 2] (10) o Z5E
Su Ha, =0, = 0, = s, +a, (1D
RE F950 slant 2552 M= AS
o] H

| 22

J A2 o] EAEHA Ert (k=1:0:
—sin(¢)s,, +a, cos(¢)sin
I

o
ofo
ol
-
(S
—
N
==

(7+Tk)

= Cos«

—8in(@)s( 4 1y, T4 c08(@)sin(y+7,, ;)
O

_ —sin()s, +a, cos(4)sin(y+7,) (12)
Ok
old WAANELS (-D7e W2 whgolvlnt
(k=1:(f-1)):

(bysin(y+7,)=b,, sin(y+7,,,))

tan(¢) = - ;
(T.kr 7T(k+1)z)
QG - ;kz
b, =—, 1, = . (13)
B o,

ATRA o2 o] (f-2)719] WA ale] Az
(b, sin(y+7,)=b, . sin(y+7,,,))

(Tls:.T, - T‘(k-%— I)J')

_ (b, sin(y+7,, ) =b_psin(y+7.,))

("ot 1) = TGt 202)
sin(y)

=tan(y) = w0s(y)

8 Ml 2= 2013¢ 43 115

_ (7'(k+1).r_ T(k+2):r,)(bk: sin(7,) = b, ,sin(7.,.,))

(Mo = s 100) B 1008 (734 1) =By 008 (734 5))

= (= T 1) B I (7 ) =B osin (7, ,)
*(m Tt 2)0) (0p €08 (73,) = by, ycos (7, 1))

tan(y) 9} (f-2)7119] WA A9 $We) P&
Foay y= otk 9= (137 22 W
Tkl Rk A, slant ZAEES tilt 7+
(10), (11), zz&]a (12)o <J&iA F-3fe] it}

of AN St Fag He 1oAkd
P2 closed-forme] 3E AT Wt ofyg}
zof 73t AEgk A34g dol d 5 2

R

i)

L-0]

<27t AgtelE WS Jerry's  Taurus
Studio’s database©] 71%&}e] A¥d= Aot} F

Mol o2 B Ee] HuE fsA g7 Fh= 9
‘/}. 3 HAlE RV AdERAE olE OPcﬂ 3
APEe Fv= YW 15}. T oA e [2]004]
Aoty wWHo=  [6]9] absolute orientation

problem<  AR&-3FO i’ﬂ 371¢] 0}% A
7t atellA AP E S F= Yotk B =il
A HelE 93 3 WA “o“?éiﬂr T oA S
Z+7} 1C9} Hideki-Horn Wy oletar w3k
< O 39AlE g E AT
i) 2 slant Zt=E9 ol FYE
7l dlolEulo] 2= B o] on| A&
olElE 37| 9]3lA *]’%Elo*‘:}
i) o7de] Zolzl albedoE2 My Hol digh o
PSS Frol7) TMW AH&-E At
i) Al e ok FAIEgdd g 7HE shellA
Hideki-Horn, IC, Z1&]a $-g9 W 9s)A
s|APE e Fold ot
2 A A delgwlo] 22 FE S Al e o
AH(wpdl, wpsl, bnl)o] ©F#Foixtt (Fig. 4). =L
ggEe g4ds v 1Y 5ZAES /AL 9
S = 5 Utk ZF ot gk 12719 o|n X &
Ol A F-E] 33002 A= wd3hAl =8 tilt 2=
45001M 58 75002 FiF slant =SS 7HA
3 QIth 1 A 4502 FHS 210S YER 7
g Wi 7502 B 1Eo &
vehdtt (2 slant ZH%).
gala], [11]04 ANH, 4% ouA] HolH
gdol SVDhUS AS 2 7l - ]
9] Lambertian ¥AF&S YERAT

F

o
i o
%

Slol A o]
o] albedo 4]



18 4. Jerry's Taurus StudioZH-E FAFE A
W] A5 (wpdl, wpsl, bnl)
Fig. 4 Three objects investigated from Jerry's

Taurus Studio (wpdl, wpsl, bnl)
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(slant angles are 450 and 750)
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