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(Estimating Surface Orientation Using Statistical Model

From Texture Gradient in Monocular Vision)
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Abstract

To recover three dimensional information in Shape from Texture, the distorting effects of
projection must be distinguished from properties of the texture on which the distortion acts.

In this paper, we show an approximated maximum likelihood estimation method in which we
find surface orientation of the visible surface (hemisphere) in gaussian sphere using local analysis
of the texture. In addition, assuming that an orthogonal projection and a circle is an image
formation system and a texel (texture element) respectively, we derive the surface orientation from
the distribution of variation by means of orthogonal projection of a tangent direction which exists
regularly in the arc length of a circle.

We present the orientation parameters of textured surface with slant and tilt in gradient space,
and also the surface normal of the resulted surface orientationas as needle map. This algorithm
is applied to geographic contour (artificially generated chejudo) and synthetic texture,
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ool AwSE T 4oz W 4 olu 1w
v} ol 7kel A1 Zb2 A (visual system) & o]#] Hefeol %
#Hog He AA (qualitative) 28 vlE EAE B¢

st oh g Hol bk i A ek AlARAZ (com-
putational vision) #oF2| =& 3 QL
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son (1950)2%) ojslf Al ztsjolet, 2= A AlA (real
world) = &R Al A AHZ F-3 4 (texture element !
texel) 2 o|Folx 9leowi ozl FH{4eo Wity X
B Q7o A AAE I (perception) & 4 Srtn
shadch o] FH 4 (texel) o WHEAE FH 2EitdE
(texture gradient) 5 2 3tk Gibson o] ¥ F-H 2 ¥
Bl 3314 Ay, = wo] uldk(surface orientation) =
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of dwiglow Koo wWuiaeE Feidch 2}
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Wog of sbfo]l EAd G2l HAlubek(tangent
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Fig. 1.

An explanation of gradient space.

I. &4 X2 (An Interpretation Strategy)!*

B 2R dA HAA A8 (Image formation
system) @l A X}o} (orthographic projection) &2 9l 3}
Fu)o) A 2% 9 9l F (foreshortring distortion)
© 2 o3 3l(inverse transformation) & % 5tod =i 1}
ke glch, #wdol (planar surface)oll EA3}+= F
Holl digl, Tl Axde tit(nEdes oY,
Slant (o) BHE-9 A FH o & Z(scaling) & A=}
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g ze of $x3h wol e HEMET
¢ "1“5—& "4 e} 753 2E (o ) #E
A2 5)of i A LU (maximum likelihood value) & -1
shol Lhebd 4 ek olF slalai QAL F Surface s

Yol ehal A ekz 7 (constraints) ol ¥ 8.3t whetA
B =FollxE of Aol sl U HAW
(tangent direction) @l ¥ 27} Aaled o g Fodslo)] wt
§ dsisie gAE doz el skl iy i
S paieh, o] W dabuio] EAslE FH7 £
A A (uniformity) ol 2t 7FA sl=] 9 clul Fx o
gz ol 7R (mimic) $94F slx evhe 7
| Deosleh, ol AL Fx oA (textured image) &
shubel 4 (texel) 7F e E] W 5lof glewd 9l
lolelx ol4

Aoleks ol4) 27hEa7l wEoleh T2, FAR el JIEE A S W 24 0

st E ;2 ZojAch 2;MEE SA HA

N. 715185 29 (Geometrical model)**’ higel walel olfe eldh ®EE

Aol Sof WA Eed s 148 xFol ol%E 7

Witkinol Aotd 7|stetd welg o &gt 7|d} ojch, Agzhed sabel @A Pyrb Foixat

@A 5o =A% (measured) HAlSl YL Eo 33 x 9 o] Fi= 7ol peta shwl o 4™

 (estimated) ®MA¥Zobe| WAL viejch 4ol x% 3 A% a=o*+ b olFE A
221, S, o ol BAE thebdch oA 4ol @ Ppoll Feddlch

Fig. 2. The orientation of the surface S with

2 (o, 7)#l 314 (rotation) o i3k ERUCE I respect to the Image I is given by slant
A slo} Ak wabA S (surface) @ 1(image) ol = (¢) and tilt (7). slant is the angle between
3l Eodo Jo] thall ST (0, r)utE IAAAF chA] a normal to S and a normal to 1. tilt is
[4bol] Bolg gto g vlebd 4 Q. ae{eg | the angle between the projection of the

normal of S onto I and the axis in L.
Given a point P in S such that the line
defined by the origin and P is at angle

ol %od5l tangent angle(d) > F7H42l tangent an-
gle(8), slant(o), dli(z) o BAE ofE Aoz

B o with respect to the x’ axis in S. P
tan(a— 1) = tanB/cos o (5) p.rojects onto the Eoint P. in 1 definin.g z.a,
line at angle e=e¢*+ t with the x-axis in
V. E755 2d (Statistical model) .
Zo]2l (g, 7)% Z7H42 tangent angled] +EE
Hegl 4512 of&-3ho] of Aol 3% tangent an-
geol H2 & 73 & olrh oxtel EF ol ol i
74 g1 51 5 ¥ 3} (joint probability density function) \ : : } : : : ‘ ’ ; /
= owggtol Bal Zhzbel 2ol AeiAel  HLUE NN
(relative likelihood) 24 hER 4 ieh whebal (4, NN
s, 7)% 724 (random variable) 2 7}k 7 TIITIILITINLS St
gaguedsr ol5S Wz sl (o 0F FA ;:—:;;: CTIIIIE
oz Asl ¥ 4 ek olal SAAL AatA AN
L msHb (isotropy) & %A (independent) ©| Eagt A o NN NN
e Aol Ao, rrnn
wlo] wiake ch ¥ Al (unit normal) 22 el '
o wel A g Al vhE (needle) 24 viebd a7 3. AP Fael EAlsht dANE
4 oirh, aeimz wAe RE wiged ¥ 30 Fig. 3. The surface normal orientation exisiting
A @) BATEK (unit sphere | 7H$-&=T)Abel wlEX on gaussian sphere.
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% (needle map) &4
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tangent direction) ©| ¥
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(o, )9 ofzigtel] Agt ¥ 25 ez 9} (o,
) H ol & FA (curve) Holl £33 —t—n7H9{ 9
2|0l A1 &} tangent angleoll tHgt 272 E U 34

P.D.F(A={a,, ', anllo, )= In]P. D.F(a,loq 1)
i=1

Cos o
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(1112)

1989% 77 BTLIBERGE $26% F 7 %

; ;
) )
F F

[
o 1] ’
f f i

N\
"

8 Tangeat Direction

x B Tangent Direction x

(a) slant (0, #/2),tilt(0) (b) slant (0, n/2),tilt (11.5)

P ?
] B
P P
o )
f f
a a

8 Tangent Direction T 8 Tangeat Birection bt

) slant (0, 7/2), tilt (30) (d) slant (0, 7/2), tilt(45)

2 9] c 3L

a8l 4. #EYx34 P.D.F(ale, )9
Fig. 4. Curves in the function P.D. F (a]o,
plotted against a at several values of

(o, T).
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W (o, 0o ZAREUEB4E
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(9)
of Heh, Axw F52A s AL A9E FHE 5}
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2. MBS (Relative Likelihood Function) 2]
LA}
A9)2 F-e] FolA tangent angle sample A= ia,
ay-aptoll 3 FAHEH4 (likelihood function) L (g, ¢
/A) € oS3 3ol vl 4 Qo
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. = Allgel A2 f(y)e o f(y) =1/20 57

L{o, t/A)=P. D.F(t‘T, 7) P;‘D.P (Aleo, 1) W B0l Newton LA Alof o8 ZAsts Sola& 2

_ - Sino Co0S O . (10) v:ftl—.

J11=sin'o sinf (e, ~ 7)] AGol A T FEAS olEstel 410F A

E EFolAE A0S Newton $HAE ofga %  (opproximation) A 2ch ol wAsh ghueiE Al

4] (inequality) & S5 3l0f ZAIBIAIZ T Hulghe 8l 3} (tangent direction) °l & Z & (sample : n> 100)
Zt wdntal 47| (estimator) & =& 3ol o o et

S L(o, /)7 2 Ham el welujol4] S M 2 zkel n(n>100)0] el P.D.F(s, )%

o (uniqueness) & 7HATH $5A4E fra sy PDFlo /A gRe Aol wct b
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A4 A10L logs Ht, (g, D)ol dlel wl¥e
shed ch2 3 ol viebd 4 gk,

sine coso sin*(t—a,)

87N 4o -0

sing cosg =1 1—sin’eg sin’ (7~ a,)

(11)
n sin2 (r—a,) _
g 1—sin’o sin’ (t— a;) 0 (12)

ADE sing coso® viF™

1 1 1 sinf(r—a)
sin*o ncos’a+2§1 1—sin’o sin*(r—a,)

(13)

of flrh. Aoz FH (o, 1) F EFdbeE ¥4

< =& Wl AHaA

y= "5 (14)

1 i sin? (e, — 1) 1 1 _1
n i=1sin*(a,— 1) +y cos’*{e,—1) 2n y—1 2

7} ®leh Alse (1, o) T2kl wHEHEE %
Foll (7t4 3} concavedlth) Newton WA A&
Agsl7l7t wig Hesich A5 H%SE f(y) el

oyt 12 At wa} f(y) & oz A
7 o2 Atgdoll wet f(y) € 0ox 4
B4 f(y)7t Zastzl wfel ZE  tangent
coagt 2 zoll AHE (1, o)l F
£ e, azinz A9 y(z1) el sin?(a,
Fst3 1/2n - 1/y—1% #AASE Agsel
s 4 et A olyl #HAZ B
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i}sin’(n,—t)éy (16)
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3w o7t 2ok singe 72l 1ol 7hg7) wifel P
D.F(o, t/A)oll 3 &S v|A= @+=cf 22t o7t
28 = ging= o7t I cosor 1—(d¥/2) 2 H
oh, of 7|4 mapge FAIg =

ng—{1_ =
cos a~(1 2)~1 20’z (17)
Ala0elt A [1—sinto sin?(e,— )] &2 19 bound ¥ 7|
) 7o)
[1—sin?o sin*(a,~- 7)]~'= 1+sin’o sin®(a;— 7)
(18)
ol ®c}, = A(19e F (product) 2
InI[ 1—sin’o sin®*(a,— 1) ] '=
=1
;I[1+sin’o sin? (e,— 7)] (19)
1=1
2 ZAE ®leh AQ9el A 2abdAz] e sk
InI[ 1+sin*o sin®(e,— 7) | =1+ o* i sin*(a,— 1)
1=1 i=1
(20)
o] ¥}, z28j= direction®|

2 £ 32 n(tangent
sampling number) # 22 ke ool dld P.D.F (o,
/A)E Hdlg i o5& s A4S

=3
Al 4 olek,

P.D.F(g, r|A)= a(l** ia’)(l+ a’g_jsin’(a‘"r))

2
(21)

ARl A 3 sint(a,— 1) o TobA 947 W T
o BAl® & ok elal ool s Al)E 2 o3}
shedl FadE Eoh Nsin'(e— € AHoE X
Fata oA @71 Wl Fol Agel FEi $EAL of
23tof of22 o] B4Rk

Aaget Aagel A ol A

i‘, sin?(q— 1) = S (22)

i=1 2cos’o
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A0 H T GEL o= L. 1892/n0ll 4] 3§ A o,
o1 7]4) nol Z7hatoll weh opayis 0.3 AHgich 4]

o3 7| 4 cos

2

n 1+ —o*
n

P.D.F (g, rlA)Ia( TG
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Lo
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@Yo X ¢ P.D.F (o, )9 &AF3HEE Zlel7 wF
o, Al 3)0“;(1 o5 AAGC s FHHI opv 2
A od &S wix] =l 2#M P.D.F(e, 1) & ¥
Alg 4 odaL HrtElojof & WEg A whA] (0, 7)
ub-g Abgetol 3 KL
L(s, t/A)=P.D.F (s, 7)P.D.F(Al0s, 1)
=P.D.F(Alg, 1)
_ 1 cosa
x cos?(a— 1) +cos?o sin*(a— 1)
(24)
3 ZALskE ok AR)E HE
1
Lmax(o, 7lA)= **—at a=r+ /2
7 co
(zx n/2€(0, ) (25)
Lmi (0, ]A)= STt a=1 (26)
12i= 2 Fo| Al tangent angle A= {e,, a,: e, <
+EZ S ARE AdE & £ U= (o, 0)F T

e 4 9k
3. AR HEE %% (Approximator Estimator)
AAol A F3 FAEE (likelihood) 2 A} 3+5 9

S wlo uTY

a4 tangent angle A= {a,, a, -, ant > W2 FTH

(sample:n>100) &2 vhreh. 24HskE Lo, z]A)
o thal4l tangent angle® 7k (0, ») & T=kE v}
F7t - Ik shan el
T2l EA Sk tangent angle $5 f), 1,
freb abed

F(subinterval) & 1,, 1,, I,

mln r—1r

%‘:P.D.F(aila, 7) % i=1, 2T (27)
olch, oA 7|4 o 74 1,9 F7hgtolnh =, f,-
froll oall 2 HE S 2432 Lingw Lmmoleksbd 4
@)~ Alenell A of A 2 R

1 T
= Lmax (28)

COSs o n

T
cosg= ;me (29)

1989 7H BTIBERIGE R 26% ¥ 7 %

=p*+ n/2 (30)
olch, AB0NA p*v fi=LumEHt 24 LolA 24
Golek, aejmg Fatazt s FASHE WES
(estimator) &= tf$ Aoz AHelxich

o*=cos“(T Emax) (31

p*+ 2 il p*<0

™= (32)

p*— — if p*20
o714 o*2} e FEaAl s wabeeS vjepdch
V. &8 o &

AY2 9]y dlo|e 24| # X (geographic contour:
AFx)ob olgidog ubE AFHa ofFozl G4
S A&

Fhel 2to} g AbS 7|8hstA malo) o3 7zl 7ol
A=A 713, Fiel|ets olFAlAA FAddeleHE A
5 &2 bellate 27 A4S ol FAAA Hl
ole] & #HEstgdet. & ol AL W (surface) b G4
(image) kel el WA E (o, )l 3 el Aol

(1114)

ch, 28l 59} a8 gl Axuole e} FH{od Ao A
23 A#E JelYgn Flele FH oAbl i
HAurgre] 25 Jebuiglch E29 332 Yy
o) A4z el @ A4E el

of7lolle o 4= Uxol Tilt roll ohal AA  =Hulska
AArE Azprfololle AL 9 A7t YAlTt slant ool T
e ea7h vehda glck of2ldl slantell 213 o4
@rddel EAshe T4 Pae] rlidgros
slantakZ2| 3= (scaling) & A # =2 vlel}r] wil Fo]
ch. ofal slantoll 9% 2kt AleeA, Azl o
FATAME vheEhb, AEPozE YF s of
2 Yok 22| u} slantel 9 LA BIEE4HAR (sha-
ding), 4 (hue) 5 AHARE F71ogn FY 4
olch

o kshd
€ oAei7tx ARE Aoy
Ag o7] whEolch

T

|

ol7ke} Alzhe 2 wubeba vole} o}
o A A9

A

=

]

o] ZaslE Frlodalor
Witkin®l 272 &S 24}
5 259 YdFHe o)Foix

Witkin®*'o] A3 7H3& Fof
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H 1. (45°, 45°) oA ¥ 23 ElME 7}
Table 1. A distributed tangent angle at (45, 45).
B=10, ) ia,~[0, x] : Tilt={0, n} :
Stant={ 0, 7/2] Slant=45", Tilt— 45
(a) Actual value (a’) Computed value
(g, 7)=(0°, 0) (o* 5=, 0°) -4 a 4 o 8 o g a
0 -44.99 ] 89.9| 50.05| 45 -6.251 134.9 | 103.00
1.8]-43.71} 91.7) 52.58)46.8] -4.46 | 136.7 | 104.61
3.6(-41.16| 93.5] 55.09] 48.6 | -2.63 ] 138.5 | 106.25
5.41-39.88 4 95.3| 57.59150.4% -.76 | 140.3] 107.70
7.21-37.30| 97.1| 60.06]52.21 114| 142.1]109.27
(b) Actual value (b') Computed value 8.9]-3.00] 98.9| 6250(5¢ | 3.09| 143.9]110.77
(g, )= (45", 0°) (o* %) =(57.32", 0°) 10.81-34.70 | 100.8 | 64.91|55.8}] 500 | 145.7 112.25
12.6 |-33.38 [ 102.6 | 67.29|57.6| 7.14| 147.5| 113.70
14.41-32.05{104.4{ 69.63(59.4( 9.22{ 149.3 {11513
16.2(-30.70 | 106.2| 71.93}61.2] 11.36 | 151. 1| 116.54
18 -29.35 | 108 74.19 63 13.53 1 152,91 117.93
19.81-27.97 1109.8| 76.41|64.8| 15.75 | 154.7 | 119.30
— 21.6|-26.58{111.6 ) 78.59)66.6 ] 18.05 | 156.5 | 120.66
Cmeles 23.41-25.17(113.4| 80.72{68.4 20.31 | 158.3 | 122.00
(c) Actual value (¢’) Computed value 25.21-23.74 | 115.1 82.81)70.21{ 22.61{ 160.1{ 123.33
(o, )= (307, 45°) {o%, r*)=(38.33", 45.01") 27 |-22.29 | 117 84.85|70 | 25.05| 161.9 | 124.65
28.7 1-20.82 1 118.8| 86.85|73.8] 27.43 | 163.7 | 125.96
30.6|-19.32[120.6 ] 88.81]75.6129.84| 165.5[ 127.26
32.41-17.791122.3| 90.72|77.4] 32.39 | 167.3 | 128.55
34.2(-16.24 [ 124.1| 92.59{79.2( 34.86 | 169.1 | 129.84
36 -14.66 [ 125.9] 94.42] 81 37.35] 170.9 | 131. 12
37.81-13.051127.7] 96.21182.7]39.86} 172.7 } 132.39
39.6|-11.40 [ 129.5] 97.96|84.5] 42.49 | 174.5 | 133.67
(d) Actual value (d’) Computed value 41. 4| -9.72)131.3] 99.68)86.3 ) 44.93 ] 176.3 ] 134.94
(o, 1)=1(45", 60°) (o*, r*)—(40.28", 59.90%) 43.2] -8.011133.1]1101.35(88.1| 47.51 | 178.1 | 133.37
a2ls. Axdejelo &8 o
Fig. 5. An example applied in geographic data
(cheju do).
E 2. A4rg ke
Table 2. The resulted suface orientation.
Actual value |Computed value| Actual value [Computed value
Slant{ Tilt { Slant | Tilt | Slant} Tik } Slant | Tih
0 0 0 0 0 45 0] 45.02
45 0| 57.32 0 0 90 1] 90
60 0} 57.55 0 0 130 0112994
e 0 30 01 30.61| 30 013149 0
(a) Actual value (b) Actual value 0 60 01 59.981 30 30 1 33.79 1 30.00
(s, 1) (45", 0") (s, )= (45", 45°) 45 | 45| 37.9| 45.00] 30 | 60 | 38.50| 59.97
30 45 | 38.33{ 45.01{ 30 90 | 22.50 | 89.99
45 60 | 40.28 1 59.96§ 45 30 | 57.47 ] 29.99
@v 30 | 130 | 23.40 | 120.92] 45 | 90 | 57.48| 89.98
90 30 | 38.20 | 29.96| 45 130 | 55.45 | 129.00
@) ¢ 4 val W) C 4 val 90 45 1 81.26 | 44.97; 60 30 | 68.281 29.99
omputed value omputed value 60 | 73.37| 59.93| 60 45 | 54.28 | 45.00
o _ o % _ - ° - d - g
(% t*)=1(57.32", 0) (0% *)=1(37.99°, 45.00°) 90 [ 79.34 | 89.95] 60 90 | 57.43( 89.97
%6, el Yol HLE o 9 | 130 | 72.62|120.93| 60 | 130 | 66.19 | 120.91
Fig. 6. An example applied in synthetic texture. % 075 0} & 60 | 75.34] 50.%
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Table 3. The top row describes six sets of tilts [5]
being tested. The first column describes
five sets of slants deing tested. The
upper number in each entry is the error
in slant and the lower number is the [6]
error in tilt.
Tilt (71
Slant 0 30 45 60 90 130
0 0 0 0 0 0 0
0 -0.01 0.02 -0.02 0 -0. 06 18]
30 1. 49 3.79 833 8.50 250 -7.40
0 0 0 -0.03 -0.01 0.08
45 12.32 -12.47 -7.01 -5.28 12.48 10.45
0 -0.01 0 0.04 -0.02 -100 [9]
60 -2.55 8.28 -572 15,34 -2.57 6. 19
0 -0.01 0 -0.05 -0.03 -0.09
90 -12.47 -7.20 -8.74 -16.63 -10.66 -17.38 [10)
0 0.04 0.03 0.07 0.07 0.07
(11]
[12]
743tate], F ®oko] EFA Aol mimic £9S 3}
e R LN R E I
et Q7 Assh FARSHAD hebytel, (3l
i} olzl Za shgL A AAle A= EAHE 5
g, AdAel EAske THol sl Asg
9% Wels) 2ad Aol ek
T ATEofol & AL, FHol g AL 2 (14]
shoba, Wl ohvel Tegol EAsHE Tl
Nl A x d-fsjojof & Holch
& R o9 WAL AdAAe A g 1)
shxkel o] sl 4ol BLE R o] Fola T (exel
29 si4el AR A Foshe ge sl A
8 3}c}, [16]
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