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A Direct and Efficient Method

for Piecewise-planar Surface Reconstruction from Stereo Images

SHIGEKI SUGIMOTO!" and MASATOSHI OKUTOMIt

In this paper, we propose a direct and efficient method for 3D surface reconstruction from
stereo images. In the proposed method, we reconstruct a 3D surface by estimating the depths
of all vertices of a mesh which is composed of piecewise triangular patches on a reference im-
age. We minimize a cost function, which is the sum of each SSD (sum of squared differences)
value between a single patch region in the reference image and the corresponding region in
the other, by Gauss-Newton optimization. Additionally, we formulate the cost function by
incorporating an ICIA (Inverse Compositional Image Alignment) manner for reducing the
computational costs of a Hessian matrix in each iteration process. A surface is directly and
robustly reconstructed from the images by a hierarchical meshing approach where the surface
by a finer mesh is obtained from the initial depths previously estimated by a coarse mesh.
The validity of the proposed method is demonstrated through the experiments using synthetic
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and real images.
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Fig.1 An example of a piecewise triangular mesh on the

reference image.
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Fig.2 Stereo configuration and plane parameters.

v, =@y, divi, d) T
o Vi = (g, divy, dy)

2(=d)

V, = (dyany, dyvy, dy)"

Plane I, : qnxx+qnyy+ q,,z=1

Reference Camera x
Coordinates

03 0O0oOoooo 30000
Fig.3 3D positions of patch vertices.

2.2.2 00000000 S8000000

000 ¢, 03000000000000 uy, =
(Um,vm)T Om € S(n) = {i,5,k}000000000
000 4, 000000 300000003000 3
00000000 Vi O Vi = (dimUm, dinm, dim) ™
Ome {i,5,k}0000000000000000Qq,
Od.O0me {i,j,k}00000000000000

qn = Lnv, (5)
u; v 1 -
where Lp=| u; v; 1 , (6)
ur vp 1

Vo = (L/di, 1/d;, 1/di)". (7)

0 ()00q, 007, = (1/di,1/d;,1/de)” OO
0000000000000000000000000
u' = w(u;pn(an(y,)) 00000

2.2.3 000000000

0 (5000000000 q, 003000000
000000000000000000000000
00000000000000 (2)00000000
000000000000000000000000
0000000000000000000000000
T'=(1/di,1/d2,--,1/dy)" 000000 (2)00
000000000

ooo00oooooo0oooooo0 3poooooooooon 41

S AT] - I[w(u, pa(an (D))} |(8)

n luec,

0 @®UOrooooooooooooooooo
gboooboobooooboboooboobooog
gooboooboboobobooobo

23 U00OOOOODbOOOn

0@ Looooooooooooooooooooo
goooboobooboobooooboooooboo
0000000 (8)uoouoooouooooooo
gooobooboobooboobbooboooboo
0000 Gauss-Newton 000000000000
oboboo
gboooooorooooooobooor,og
0000 TA 00000 =Ty+T'a O0000OGauss-
Newton 0000 0O0T] — I[w(u,pr(q.(T)))] O
10000000000 8)U ra00onoooooo
gbobobobooooooooo

T'a=-H'b, (9)

where

=y { Y [(€IKL.)" (gIKL,)] } ;

n ueCy,

(10)

b=), { > [(IKL.) "] } (11)

n ueCy,
O000e O0D200000000D0O00O0DO0OO
e=T[u] - I[w(u;p(q(Ty))] 000000000gO
JOKOOOOODoOoooooooo

e=[on] a=|3E . )
ow r=ry 8p r=r,
K= [g—p] (13)
9] r_r,

g00000 000000 1x20000000J
0000000000000000 p000O0OO0O
0002x9000000000000000000
000000000000000000000000
000000000KOOO (4000000000
9x30000000000000000000000
000000L, 000 (60000 MOOOOOO
0000 3xMOO00O00O00,O00000000
000 mOme S(r)D000O00000O0OOOOO
000Ome S(n) ={i,j,k}0(1<i<j<k<MO
000oo



42 J0ddd0d000d0ooooooooOoobooo0o0ooooooao
e e
L,.= Olz lé?) Oi+1,j lé?) 0j+1,k léz) Ok,M )
l(n) l(n) l(’ﬂ)
3i 3j 3k
(14)
o
where Ly, = | 157 & 157 | (15)
(n) (n) (n)
ly;” I3 I3y

O0000D0000,, O 3x(b—a) 0000000
0000 L, 00D0000000000000000
000000000000000D000000000
ooQ

00000000000 000000000000
g0 JOO0O00OODODDOOO0O0O0OOOOODDOO0
00000000000 HOO (1000000000
0000000000000000000000000
000000000000 00D00D00000 HO
000000000000D000000000000
00oooo0'YoOoOoOo0o0Oo0O0O0oOoOooooo
0DO0o0DO0o0O00o

3. 0 0O O

0(3)00000000000000000000
000 P,OODDOODO PAODODOOOOOODODO
ooooooooovo

@ ~Po(I+Pr) "0 (16)

000000000000 wOOP,OODOOOO
O w(u,po) DO(I+PA) 0000000 wa(u,pa)
0000O0w(u,p) =w(u,po) owa(u,pa)~t 00
0000000D0O0000Opy O pa 000000
PO P, OD00O0O0OODOOOOOODOOOO
000000000000000000000 ICIA
O Inverse Compositional Image Alignment0 0 00O
0000000000000 00000000000
0000000000000 00000000000
ooooooo®o

0000000000 q000000000000
qo U000 qa 0000 g=qo+qa O000pa O
qa 0000000000ICIADODODOOOOO
000000000000 O0000O00O0Oooto

0000000 11)00000000000000
000000000 pa 0000000000000
00D000000000000D00 FA 00000
0000000000000 0000000000

0000 (8) 0000 w(u,pa(q.(T))) 00O

Nov. 2007

w(u,pn(qn(T))) =
WU, Pro(an0(I0))) o wa(u, pra(ana(Ta))) ™
(17)
0000000000000 O0000000DDOn
O00pwa 0 aua O00D0O0O0O0DODOOOOMYWO
1
1+ q%,RTt + gL RT¢t

Pua = R"tq)a
(18)
000qna 0 T,a 000000 (5000000
OoU00ooOoooUooooUoooooooooo (8)
0oobOooooboooooooo
>N (Twa(u, poalana(Ta)))]-

n ueCy,
Iw(u, Pao(ano(To))))? (19)
Twa(u;pua(qna(Ta))) 0000000000
(1990 T, 00000000000000000 (19)
000000 Tra0ooobooboo

['a=-H 'b, (20)
where
_ 1 T
H=— {;ZES[@JKLQ @JKLnﬂ},
n uelC,

(21)

b=y {f; 3 [(gJKin)Te]} (22)

ueCy
O000D0eOD20000000000000O0DO0OO
(1) 00000000000 00ghJOOD KOO
0O (11)ooooooooooooooon

oT ]
= |2 , 23
£= |5o- o (23)
J= —8WA
apA I'A=0
1 —u? - —
_|u v 0 00 —u u;} U . (24)
000 wowv 1l —-u —v° —v

K=k, |:8P£:|
I'aA=0

daa
T
a; 0 0 a2 0 O a3 O O
=10 a1 0 0 aw 0 0 a3 0],(25)
0 0 a1 0 0 a2 0O 0 a3
where a1 =ty + tyra + tarr,  (26)

Qg = teT2 +tyrs + tars,  (27)

g = ters + tyre + t2ro.  (28)
DDDD{T17T2,~~~,Tg}DDRDDDDDDDDD
DDDDDDDDD(tI,ty,tZ)TEtDDDDDDDHn



Vol. 48 No. SIG 16(CVIM 19) ooo00oooooo0oooooo0 3poooooooooon 43

Initialization

|Creafe a triagular mesh on the template image . |

Estimation

| Set current (initial) depth parameter IT'.

[Compute matrix K. |

for each patch (1)

Compute L and K*L .

for each pixel u in the patch

: Compute image gradient g .
Compute J .
Compute and store g*J*K*L .
Compute X[ (g*J*K*L)T (g*J*K*L)].

Store [ (g*J*K*L)T (g*J*K*L)].

for each patch (1) -
Compute k.
Warp the other image with respect to the patch.

for each pixel u in the patch .
Compute e and X[ (g*J*K*L)T *e ].
Compute b=3 [ (I/k) * X[ (g*J*K*L)T *¢ ]].

Compute H=X [ (1/¢)% 5[ (g*J*K*L)T * (g*J*K*L) ] ] .

| Compute AT =-H"'b . |

| Computer=r+ar. |

| Check pre-defined convergence conditions .

Yes l

END

04 0DOO0O0OO0OOODD
Fig.4 Algorithm flow.

oooooooto

kn = —(1+qhoRTt), (29)
0((®)000D0000000o0D00gOO0O0
00000000JO0000000000000000
000000000000000000000000
0OoIcIADODOODOOO0DOOoo®Yo0oo
oooooDoo™YoOo0o000000D000o00n
OO0 HODOODDOODOOODOODOd ks,
000000000000 qf, 00000000 Ty
000000000D000000000000 &
000000000000000000
O0D0D0H 00000000 Y [(gJKL,)"
(JKL,)] 000000000000000000
00000000000000000000 3x3=9
000000000000000000000000
0000000000000 00000bOOOO0O
000000000000 000000000000
0000000000 30000000000000
00000000000 00D000D0000D000D
00D000000000000000 (2000000
000000000000000000000000
00000000000 000000HOOOOO
00000000000000000000000H
O0000000MxMOOOOOOODOO00O0
0000000000000000
0000000000000000000000
000000000000000 40000000
0000000000 D000D0000000D0O0D
0000D000000D0000000D0000O00D

goboooodooooboooooooooooboooa
oooooooOoooUooOo (20000000000
oooooooooooora0obooo roooo
gbobooooocoooo

4. 0 00O

00000000000000000000000
000000000000000000000000
0oo0Ooo0ooo00

41 0000000000

00000000000000000000000
000000000000000000D000000
000000000000000000000000
000000000000000000000000
00000000000000

41.1 0000000000D000O00O0O

050000000000 15m00000000
00 7mO0000000000D000000000O
0000000000000000000000 7(f)
00D0mMO0 (a)0(b)00000000000000
000000000 (2)000000010 50 [pixel]
000000000000000000000000
000000000000000000000000
61000000 96000000000000000
000000000000 10mO000000000
000000000000000000000000
00000000 ADOOO



44 ooooooooooooooooooooOoboboooooooo

() 000000000

(b)y DDODO
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Fig.5 Synthetic stereo images with 420 x 420 pixel size:

(a) is the reference and (b) is the other. The target
object is a texture-mapped sphere with seven meter
radius and its center at z = 15 meters in the ref-
erence camera coordinate system. The mesh in the
reference image comprises regular triangles with 50
pixels long sides (M = 61, N = 96).
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Fig.6 Depth error variation by iteration: The absolute er-

rors of six vertex depths and the RMSE of all 61
depths are shown by the six thin lines and the thick
line, respectively.

600 0 219.5
A=| 0 600 2195 (30)
0 0 1

00b0o0oo0o0oooOo0oO0bDoORrR = 10t =
(0.3,0,0)" 0000
O0e0D0DODODOODOOOOOOOOOOOOO
Jo00odo0ooDoOoObObOOo0o0o0oooooooooo
610000000000 e6eDO0ODOODODOODODOO
0000000000 RMSEO Root Mean Squared

Nov. 2007

() DODOOOOO

(a) Initial surface

(b)y 000 50
(b) After five iteration times

(c)0DO 100 (d)000 150
(c) After 10 iteration times (d) After 15 iteration times

(e) 000 200
(e) After 20 iteration times

(f)yooo
(f) Actual shape
07 0DO00O0O0DOOOOOOOOOOO0D

Fig.7 Surface variation by iteration.
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Fig.8 Comparison of stereo matching and proposed

method when image noise level o = 2 [gray level]:
(a) Result of SSD-based stereo matching with
33x33 pixel window. (b) Result of proposed method
by mesh of triangles with 50 pixel long sides. We

plotted every 5x5 pixel depth as a rectangular
mesh.
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Fig.9 Comparison of depth error with respect to image

noise level between stereo matching and proposed
method: We computed the RMSE between the ac-
tual depths and the estimated depths over the pix-
els supported by the mesh used in the proposed
method.
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Fig. 10 Synthetic stereo images with 420 x 420 pixel size:

(a) and (b) are the reference image and the other,
respectively, used for our hierarchical meshing ap-

The target is a texture-mapped shape

The mesh

in the reference image represents the finest mesh

proach.
created by trigonometric functions.

that comprises regular triangles with 25 pixels long
sides (M = 217, N = 384).

(b) 000D
(b) Result

011 0O000OO0OO0O0OO0OOO0O0OO0O00O0O0O0O0OO0bOOOO00
00000000000000000 |AT| <107 00
00181 000000000M =2170N = 3840

Fig.11 Surface estimated without hierarchical meshing:
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Result after 181 iteration times. We stopped the
iteration process when |AT| < 1074 (M =
217, N = 384)
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Fig.12 Surface estimated by each meshing level: We
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stopped the iteration process when |[AT'] < 1074,
In each meshing level the iteration numbers were
(b) 5 times, (c) 4 times, (d) 9 times, and (e) 6
times.
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Table 1 Comparative study of computational time (milliseconds): We compared

the computational time of the proposed surface estimation method de-
scribed in Sec. 2 (non-fast), the proposed efficient method in Sec. 3 (fast),
and the fast plane parameter estimation for a single plane 11), where the
numbers of pixels in the entire mesh for the surface estimation and in
the ROI for the single plane estimation were the same to 103,923. All
algorithms were implemented using C-language and run on a Linux PC
(Pentium-IV 2.8 GHz). We used CLapack library for computing inverse
matrices.

Nov. 2007

Method

Total
(5 times)

Pre-computation Per iteration

Total
(30 times)

Proposed non-fast (Sec.2) (M = 61, N = 96) —
Proposed fast (Sec.3) (M = 61, N = 96)
Proposed non-fast (Sec.2) (M = 217, N = 384) —
Proposed fast (Sec.3) (M = 217, N = 384)

285.91
27.538

308.12
43.002

1429.6
181.99

1540.6
261.32

44.300

46.312

8577.3
870.44

9243.6

1336.4

25.145 13.622 93.255

Plane parameter estimation 11>(fo1r single plane)
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Real images with 1280 x 720 pixel size: A moon-like surface was simulated
on a sandy place. (a)(b) respectively represent the reference image and the
other. (c) represents the final (finest) mesh used for our hierarchical mesh-

ing approach. The mesh comprises regular triangles with 29 pixels long

sides (M = 817, N = 1536)
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(a) Initial plane estimated by single plane estimation!
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Fig.14 Surface estimated in each hierarchical meshing level for real images.
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