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Real-time 3D Shape Reconstruction and Refinement
from Multi-viewpoint Image Sequences

X1a0JuN Wu't, SHonEr NOBUHARAT,
TOSHIKAZU WADAT, TAKASHI MATSUYAMA Tt

This paper presents two methods for 3D shape reconstruction from multi-viewpoint images.
One is volume intersection and the other is shape refinement by deformable mesh model. The
volume intersection method is used for initial shape estimation, because of its stability and
suitability for whole shape reconstruction. In this method, a parallel volume intersection al-
gorithm and implementation method for PC cluster system are shown. In the next method,
the result of volume intersection is converted to the surface mesh model, which dynamically
changes its shape according to 1) “photo-consistency”, 2)silhouette constraint, 8) and smooth-
ness constraint. Some experimental results demonstrating that this method improves shape

accuracy are shown.

1. OO 40dg

00000000000000000000000
00000000000000000000 3000
0000000000000000000 20000
000000000000000000000000
gov»99) gpoooo0o00000Doonoooo
0000000000000Y 0000000000
00000000002000000000000 3
000000000000000000000000
000000000000000000000000
000000000 200000000000000
000000000000000000000000
000000 (0 1)000000000000000
00000000 2000000000000000
000000000000000000000000

t+ 0000 000000000 o0ooooo
Department of Intelligent Science and Technology,

Graduate School of Informatics, Kyoto University

goboooobooobooooooo

uboboooooooooboooobOooooona
gooboooooooooooooooboboon
oooooooooooooooobobobbobooooo
ooooobooooooo 2500000000003
gboooobooooboobooooboobobooDbo
goooooooooooooooooooboooboon
gooobooboooooooobooooooooon
O Visual HullD O 1) 00000000 OO0OOO
gobobooooooooooooobooboobon
gobobobooodoooooooooooooooon
geometric 000000000000 O0O0O0DOOOO
oono

000000000000 00 photometric OO
goobooooooooooooooooboooon
gobooooooooooooobooooooboooboon
gobobobobooodooooooooboooooooon
goboobobooodoooooooocooooooon
goboboobooooooooooooboooooon



e’

Visu one from V1

P
|
=

01 0000000ooo
Fig.1 Silhouette Volume Intersection

%24’

Visual Cone from V2

(0O0)oDoOooUOUOODODODOOODOOOoOOO
0000O00000o0oo0o0O0o00o0oooooooo
0000000000000000000000070
ooooOUooooooDOoOoUoOoOoooooooOooo
0000oooooooooooooooo

00000000000 geometricOOOOOODO
ooooOoOoOo0oUoooooDoOoooooooOoOoo
000000000 00000000 photometric O
0000O000000o0o0O0o00o0oooooooo
0000O000000o0o00oooooDoooooo
0000000000000 000ooooooooo
0000O00000O0oO0O00ooooooDoooooo
O00“00000000O0”’00000oooooo
oo “photo—consistency”?’) goooooooooo
ooooOpoOooooooDOOoOoOoOooooooOooo
ood

2. 0000000

00000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000000000
00000000000000000000000
000000000000000000000000
00000000000000000020000PC
000000000000000000000000
2.1 00000000

000000000000 30000000000
0000000000000000000000000
000000000000 (1)000000(2)00
000000000000000002000000
0000000000

2.2 000000000
0000D0000000000000000000

02 0000000000000

Fig.2 Linear-wise Plane-to-Plane Perspective Projection

goooboooooooooooooooboboon
goooooooooooooooooooboooboon
gooboooooooooooooooooooon
goboooboboooooooooooooobooo
goboboooooooooooooooobooon
goboooobooobodoooooo

2.2.1 ODOOOOOOOOOOOOO
goooooooooooooooobobooon

gooooooooobobo

001 3000000020000 A0 BOO oODO
000000000 oOOOOCOOOCOOOOCOOOO
000 pOOOOOO10000000POOOOOCOO
0Co00 ADBOOOOODOOO ANCOBNCOO
oobo0o0oooOoOoOoOoooOoOoObooOono

00000000 2000000000 AO BO
0o00obO0Oo0o0oboo0o00oo o0obo obOOO
0 ANBOOODOOOO PODOOOOPOOOOO
cooooooo ANC, B((cOoDOooooDOoOo
00000o0000o0O00oo0o0oU0o0 ADD BOO
00000000 A0 BOOOUOOOOOOOOO
gooboboboooooooooooboooooooon
gobool1oooooboooooobooooooon
ooooo0oo Cco pPOOO0ODOOODOOOOO
oo 200000000001000000000A0
gobooooboooooo

2.22 00000O0OOOOOOO

goooooOooooo 200000000000
ooboooooooon

gobooooooooooooooooooooon
gooooooooooooooobobobooon
ooooUooooooo(y)ooooooooooo
oboooooooooooooooooooooobo
goboboboooooooooooooooooooon
ooooUoo@)Uooooooooooooooo
gobooobooooooooo



Cawred 7] 3 =
ag

pooete 4] Ea (2]
G ) Cere)

=N A =]

Silhouette |
onaslice -

Object Area | i i
onasdice | ..

Final Result |
" odel

03 O00O0Ooooboobooooobooobo
Fig.3 Process flow of the base-plane duplication method

23 0OOOOOCOOOO
goboooodooooooooooooooooon

goboooooooon

(1) ODDOO0OOOD0O0O0O0O0OOUODOOUODOO
oooooooooooooooooboooooo
oono

(2) D0DODODODODOOODOOODOOOOOOOOOO
obooooooooooo

goboboboboooooooooobooooooooon

goo3gooo

24 0O d

24.1 PCOOODOOOOO
oooooooooo pCcODOUOOOOOOOOO

goooo

e JO00O0DO 1600 PCOHODOODDOODBOO PCO
0 200 PentiumlIIl 600MHz O CPU O 512MB
ooooooooooooooooo10000
obooooooooooooooboooooonDo
900UoUO (SONY EVI-G20) 000000
ooo0oO0o0edOdlOOOOOOOOODOO PC
0O OSO LINUXODOOoOO

e 0000 PCO Myrinet(MyricomODO) OO0
oooooooooooooooobooooooon
O00O000ooooOoOo00 20 1.28Gbps 00
gopoooooo200 pCcOODOOOOOO
000 100[MBytes/sec] O 00O

oooooo
o000O0oooooOoOO0OO040000000DO

goboooooooon

04 0O0OD0OO0OOO
Fig.4 The camera settings

05 90000000O0ODOO0OO
Fig.5 Examples of captured images by nine node PCs

24.2 0000000
00000D0000000000000000 PC
0000000000000000

100 PCODO0ODOODOODDD0O0O0C)DOO
0000000 (SIG)D 000000000 (BPP)O
00000000000 (BPD)D 00000000
00000000000 (PPPI)0 50000000
0000000000000000000

243 0000
00000000D000000D000000000
00000000 640x480 000000000000
0000000000000000070Xx70x 180cm®
000000000000000000000000
000000900000000000000000
000000000000000000000000
000000000000000000000005
00000000000000000 lem® 0000
0°0000000600000000000000

Y 00000000000000 1lem 0000000 1lem? O
00000000000



06 OD0O0O0OO0O0OODOD
Fig.6 Reconstructed volume of the object

gobobobobooouoooooooooooooooon
gobobooboboodoooboooboooooooooon
ooboooooboooooooon

@ Capturing usec
W Background substraction 120000
OProjection base silhouette
OTransefer base silhouette

B Projection & intersection slices
B Elpased time for 1 volume

100000

80000
60000
40000
20000
o
pe eSS
e 8 e s 1 ° ’
2 3 4 5
2
1
07 pPCOOOOODODOODOOOOODO
ooO:90,PC:90

Fig.7 Elapsed time for each stage, using 9 cameras and 9
PCs

OobDo000O0o0bOoOobOooDbOoobOooooo
00000000000 320x24a0 000000000
00 2cm® 0000

goo9o0oOoooooooo9Oono pCOOOO
00000000000 9.78 Volume/sec 00000
0 PCOOOO0O0OODDODODOODODO 7O00D0O0O
0000 pCOOO0ODOOODOOOOOODOO

oo0oooOoO0bOo0ooo0oooOoborO0OOO0
00o0o0o00o00o0o0oo0O0000000o0000
oo0oo0o0oo00o pCOOO0COOOOOOOO
o0o0oO0ooOo0boO0o0oo0O00oo0o00O00oo00n
ooooooooooo0obooOoooooOoooOn
00ooooo pCOOOO0OCOO0OOOOOOOOOO
oooo0oboo0boo0oooOoooOoboO0oO0ooOn
oooooOoooooOoOoboOoboOoOoboO0oOoooOn
ooooooooo0ooo0ooooooOoOoooon
oo0oo0o0oo0ooooOopCOOOO0OOO0OO
oooOooooOooooboOo0ooooooo

oo0ooo0oooO0oooO0ooOobo pPCOBOOO
ooooooooooOoOoOoOobObO90000000
ooooOoOoOo pCO 9000 1500000000
ooooooooooogsoooooooooon
000 pCOOO0000O0COO0OOCOOOOOOOO
oo0oooO0ooo0oo0ooo0oooobo0o0ooon
00o00000oO00o00100 PCOOOOOOODO
12.5 volume/sec 000000000000

usec
120000

100000
80000

60000

08 pPCOOOODOODOODOODOO
0oood:90,PC:9~ 150

Fig.8 Elapsed time for generating silhouette intersections

on slices, using 9 cameras and 9 ~ 15 PCs

goboooodoooobooo 2000090000
oo0oOoooo0o0ooooo pCcOO0OOOOBOON
Volume 0000000 9000MOOO00O0DODO
ooopCOODOOOOOOOOOODODOOOOO
0000000000000000000 1 Volume
goboooobooooooobooooboobooo

9 0000000 Capture 10000000000 O0OOOO
oo0o0ooo0ooooooooooOoOoOOOOOOOO0O0OO0
gooooooOoOoOo0oooooboO0oO0oO0O0000O0 20000
0000000000 1/30sec 00000000000



usec
160000

140000

120000

100000

80000

60000

40000

4 Camera

number
PC number

09 000D0DO0ODDDDODODDDOO0OD0O00 1 VolumeOOO
oo
Fig.9 Elapsed time for reconstructing 1 volume, using m
cameras and m + n PCs

goooooOoooo pCOOO0OOOOODOOO

boobOobOoobO0oDbb 60 msec DOOOOO
goboboooodooooooooooooooooon
goood

goooooooooOoO0oOo NTSCOOOoooo
goooooooooooooobooooboboon
000000000000 1/30sec00000000
000 pPCOOO0OO0OOO0O0ONTSCOOOOO

ooooOoooopCcOOOOODOOOOOOOOODO

0000000 o0o0o0o0oUoO 1/15sec 00O
oo0ooUoooUoooOoooooOooooooo /15
sec0OOOOO

3. 000o00oooooooobooboooooo
oood

OobDo00d0bOO0o0bOo0oooobDoobooboo
0go0o0o0bOobO0o0oOooboOobDbOoboOoOobooo
000000000000000000 visual hall?
0000D0o0oO000dvisual hull OOOOOOCOO
goobobooooboooobbooobobooo

visual hul 000 0O00000DODOO0OOOOODO
goobobooobbooooboboo
1) DooooooUooooooooooooooo

geometric 00000000 00O O0Ophotometric

Oo0o00O000oobOoobooooooooooo

O0000000oO0o00b0oOoobOoOoOobOoOooDo

JooDooODoOOoOOO0O0O00O0Oogoog “photo

consistency”® 0000000 OODO
2) DO0U0OoO0Oo0oOoOoOoOooOooOoUoUoOo

opooono
3) 00000 viswal ullOOOOOOOOOOOO

goo00o0d0O0Oviswal hullOOOODOOOODO
goooooooono
000001) 00000000 ooo0ooooOn
Joooo0o0ooooOoOo “c00ooooooooo
goooboooooooooooooOoooooDoon
grsgooooboboobooooooobbDbboobn
J0D0O0D0OD0O0D photo consistency DO O OO0
gooobooooOooooooooOooooooDoon
00o02)00000o0ooUoooouoouoon
0000oboooo0ooooooooOoooooon
J00oooOo0ooooooooooooOooooo
000000o03)00000o0ouoooooooo
0000oboooo0oooooooooooooon
goooood
3.1 DOOOOOOOO
goboooOoOo0oOooooooobooOooooDoo
oooooooooooo
O00000oDOo0OoDoOoOoDOog voxel
oooooooo «coboorboooboa
00O photo consistency OO0 O0O0O0O0ODO
000ooooooooooooooooog
gdoooOoooooooogoooooog
000odooooooooooooooog
ooooooooo
gobooooooooOobooOooobooOog “po
goooooOorboooboo0ooooboOooooon
oobooobooooooobooobooboooo
3.1.1 000000
gobooCooOoOoOoOoOoooooOooooDbooDo
00000000000 000o0ooon visual hull
000000000O00000 Y00000000
goooood
O ad
Jo0oooooo0oOoOooooooooOooooo
gooooooooooooooooooooooo
ODO0ODOOO0O0ODOSNAKESY 0000000000
goooooooOooooooOoobobOooooo
goooooooOooooooooOoOoOoOoooDoon
0ooooooooooooo
o 0o od
Jo00o0oo0ooooooooooooooo
0000000000000 300000 ¢,0

0 0pd®00000000000000000000000000
0000000000000000 “photo-consistency” O
goooooOooooooOoboOoooOoOooOoooOoDoooooo
00000000000oono



object

CAM1
e|f)(|uding

visible visible

mesh

CAM2 i [ CAM3

0 10 0000 Visibility
Fig. 10 External Force and Visibility

gfdoooooo0o0O0Ooooocoobocoooogno
opooo ¢, 0o0ooQoooboo wvooooe, =
{CAM,, CAM3} 0000
0O 0O F.
Jo0o0ooooooooooooooooogoo
000000000 F.O000000

F. = VE.(v). (1)
EIDDEe(v)DDDDDDDDDDDDDDDDDD
EI(I:I 10)DDDDDDDDFEDDDDDDDDDD
goooo0ooooooooooooooooooo
DDEE(U)DDCUDDDDDDDDcI:II]I:IvI:II]
0oooooo p,..000000 p, 00000

E.(v) = @ ch oe -l (2)

0ooooon -
O 0O F;
00 Fp0000000000C0000O0CO0O0DO
Jooo0o00oooooooooOooooogogoon
DDDDDFiDDDDDnEI

EEM7 (3)
DDUjDUDDDDDDD%DDDDDDDDDD
00o0ofoooooooogogouooooooooo
goooooog F
J0000000ooouod viswal hullOOOOOO
Jooo0o0oooooooooooogoooooo
goboooooooobooooobooOonoD /00
Joo0o0oo0 e00O0D0OO0O0O0OoOoOOoOOogoooOoOo
EIDEII:II:IDSo,CDDDDDDDDDDDDDDDD
DDDDDDDDDDSm,cDDDDDDCUDDDD
0000 cO000O0Oo0vOO0OO0OO0O00O0O0OOOOOO
DDDDDDDDDDDDDfp(v,c)DvDDDDD

projected image ouette

uette projected image

(a) (b)

011 JooOooooo
Fig. 11 Silhouette preserving force

(a)00000000000 (b)DODOO occluding
contour 0O O0O0OOO0OOO

e v01S, . 00000000000000v00D0
ooo S,.000000000 0000000
0000000 f,(v,e) 00000 11(a))0

e v1 S, 0000000000000Sy,.00
00000000vb000000S,,.00000
000000000000000000 f(v,c)
0o0ooo0 11(b))0

e 000ODDDODO fp(v,e)=00000

folv,) 0000000D000D000O0DO0O0OO0O

000000000000 F,0000000000

oogd
Fp = Z fp(U,C). (4)

ceCy
gooooogd a,6,OOODOODOODOOOD

oo0gd FOo
F =aF; + pBF. +~Fp (5)
oooooo
3.1.2 0 O00OD0O
gooooooooooboooobooooooooon
oooooooooooooocooooooboooo
ooooooUooOooOoooUoOoooO (oooo
00000 visibility 00 000000000000
Oo0ooO0o0)0o0oooooUoooooUoUoooo
00o0o0ooooooooooooo
3.2 000000
gooooOoooooooooOoOoooooooo
OooOoooo
step 1 00000000000 visual hull (volume
oo)yoooo
step2 O0DO0O0D0OO0O0O0O0O0OOOOOOCOOO vol-
ume 0000 surface 00000000000
oooooooono
step3 OO0OO0O0O0O0O0OOO
step 3.1 0O0O0O00O0O0O0OOODOO
step 3.2 0000OO00OODODOOOOCDOO
step 3.3 000000000 O0O0OO0OOO



@CAMS CAM@

CAM1-4 : for reconstruction
CAM5 : for evaluation

CAM2 CAM1
ﬁ CAM5

012 OOO0O0O0OOOOO0OO0O
Fig.12 Camera Allocation

(a) CAM5

013 0000
Fig.13 initial form

(a) 00 12CAM50000(b) D00 CAMIOOD

(b) CAM1

gogo step 3.1 0

3.3 O ad

01200000000000CAM1IO0O 4000
0000000000000 00CAMSOO0ODOOO
000000000000 000000000 CAMS
00000 ()(b)00000SK 00000000
oooooo S,.0o000000000

go0oooooooo CAMsSOOO 10000
oo0 1300008, . 0000000000000
000 13(a) 0 CAM5000000 12000 (a)(b)
oooooOoo(oooooooooooooo)o
oobooooooooo

O0000OFOUDOO(a)F;, 000000 (b)F;, Fs
O0oooOo(e)fe, Fp, ;FOOODODODODODOOOO
00oo00ooOo0o0ooO0o0DOD0o0 40000

0o0ooooooo 1200 CAMSOOOOOOO
CAM1 0000000000000 O00OO0O0O00O0
OS,..00000000D00000O0ooooooo
gooooobooooooooooooooooDoon
o0ooo0 (0 11o@uouoooo)ooooood

0oooooo

e 0000D000O0O00O0DOOOO0DNODOODN
00 (O 11(a))

e 00O (O 12CAM10 CAM4)00 S, .0000
0000000000000000S,. 0000
000D000000000000 (O 12CAMS5)
0000000D0D00000000000 (O
11(b))D0

e 0000D0ODODOOODOODOOOOD
0 (0 12CAM5)00000000000000
00 (O 11(c))

0000000000000000000000 30

0000000000000000000

0000000000000000Space-Carving®

000000000000000000000000

000000000000000000000000

000000000000000000000000

0000000000000000000000 20

oooo

00000000000000000000000

00000000000000000000000

000000000000000000000000

000000000000000000000000

00000000000000000000

4. O 0O O

gobooooooooooooobooooooon
oopCOO0OO0OOOOOOODOOOODOOOOO
goooobooooooooooooooooooo
ooooooooooobobobObOO00000000a

goboooooooooooooboooooooon
goooooooooooooooooooooon
O000O0Ovisual hul) 0000000000000
visual hul 000 O000O000OCOO0O0OCOOOO
00000000 photometricOOD0OOO0OOOOO
dddddddodooooooooooooooaa
gobobooboooooooooooooooooon
gooboobooooooooooobooooooboobooon
goooboooooooooooboooooobooobon
goooooooooooooooooooooon
oboboooobooobooooobooooboobooooo

gooooOooooooooooooooooon
gobooboooooooooooooooooooon
gooooooooooooooooooooooon
goobooooooooooooobobobooboon
goooooboooooooooboooooooooon



014 0000

Fig.14 deformation results
()F; 00000 (a=1.0,8=0.0,7v=0.0)0(b)F;, 000000 (a=0.5,8=0.0,7 = 0.5)0(c)Fe, F,, F;
00000000 ((@=03,8=04,7=03))00000000 1200 CAMS000000 CAMIOOODO
00000 1000000020000000000000000000000000 S,,.000 (00 500)0
00000000000000 Soc0 Spne000000

goooboOooOooooooooooboboooboooobooo
gooooboooooooooobooooooboobon
goboobooooooooooooooobo 3bon
gooboooooooooooooboooooon
gobooobooboooobooooobooOoosooon
gobobobobooooooooooboobooooooooon
goboooooboooooooon

goboooooboooboooooosooon
ooo “oor"oooboooo0obobboooooooo
Oo0o0ooo «3000000000”000000
goobooboooooooooboooooooboon
goooooooooooooooooobooooon
gobooooboooobooooooooooboooon
ooooooo

o o 0O O

1) H. Baker. Three-dimensional modelling. In
Fifth International Joint Conference on Artifi-
cial Intelligenc, pages 649-655, 1977.

2) B.G. Baumgart. Geometric modeling for com-
puter vision. Technical Report AIM-249, Arti-
ficial Intelligence Laboratory, Stanford Univer-
sity, October 1974.

3) K. N. Kutulakos and S. M. Seitz. A theory
of shape by space carving. In IEEE Interna-
tional Conference on Computer Vision, pages
307-314, 1999.

4) A. Laurentini. How far 3d shapes can be un-
derstood from 2d silhouettes. IEEE Transac-
tions on Pattern Analysis and Machine Intelli-
gence, 17(2):188-195, 1995.

5) W. N. Martin and J. K. Aggarwal. Volumet-
ric description of objects from multiple views.
IEEE Transactions on Pattern Analysis and
Machine Intelligence, 5(2):150-158, 1987.

6) P.Srivasan, P. Liang, and S. Hackwood. Com-
putational geometric methods in volumetric
intersections for 3d reconstruction. Pattern
Recognition, 23(8):843-857, 1990.

7) Philip Pritchett and Andrew Zisserman. Wide
Baseline Stereo Matching. International Con-
ference on Computer Vision pp.754-760, (1998)

8) M. Kass and A. Witkin and D. Terzopoulos.
Snakes: Active Contour Models. Proc. of IEEE
Conference on Computer Vision, 8-11, London,
England, 1987, pages259-268

9) 00 00,00 00,000.0000000
00000000000000.0000 TECH-
NICAL REPORT OF IEICE, 1TE98-218 (1999-
01), pages 197-204



