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Calibration of Multi-camera Systems

Using Planar Patterns

Toshio Ueshiba Fumiaki Tomita

National Institute of Advanced Industrial Science and Technology
AIST Tsukuba Central 2, Umezono 1-1-1, Tsukuba, 305-8568 Japan

A new calibration algorithm for multi-camera systems using planar reference patterns is proposed.
The algorithm is an extension of Zhang’s flexible calibration technique to the cases with multiple
cameras. Rigid displacements between cameras are recovered as well as intrinsic camera parameters
only by showing the cameras a model plane with known reference patterns placed at several locations.
Thus the algorithm yields a simple calibration means for stereo vision systems with arbitrary number

of cameras while maintaining the handiness and flexibility of Zhang’s method. The validity of the

proposed technique is verified by simulation and real experiments.

1 00

gboboobooobooboooobooboobooon
oooooooooooooobooooooon 3d
obooooooooboboooboooboobobooobo
oboooooooboboooooooboobooog
gbooobooooboobooboooboboooono
gbooooOoooobooooboooobooonoo
oboooobooooobooooboooobooog

0470

gboobOooooobooooboooobooog
00000000o00ooo0oUo 7fooouooo
gooooooooboooooooooboooo
gboooobooooooboooobooboooon

gboooooobooboooooboooobooo
gbooooogosbooboobobobooooooa
gboooo300oboooobo 2000000004
O0o000o0o0oo0oo0oooooooooooDo 2o

1350 0

O


研究会Temp
コンピュータビジョンとイ メ ー ジ メ デ ィ ア

研究会Temp 
135－９

研究会Temp 
（２００２． １１． ８）

研究会Temp 
－47－


oboboo3uoboooboobooooooboobooonoa
ooboooboboooboooooboooboboooobo
ooooboooobooooooobooboboooo
gboooboooooboooooooboobooooo
oooooooooooooooobobobobooooo
gboooboooooobooobooooboooboooDo
gbooobooooobooooboooobooobo
gbooobooooboooobooobooboooo
oooooooooooooooooooooon 3g
gooooooogobooooobooboobooboooo
gbooobooooobooooboobobooboooo
gboooooboooooboboooooboooooo
oooooobooooo
gooobooobooboooooboooobooo
goooooooooobobooboooobooooooo
oooboooooooooobo 1obooooooa
obooooboooooboobooooobobooboooDo
ooooboooooboooboooooboobooboooo
gbooooooobooboobooboooooaon
oboooooooobooooboooboobobooonoo
O000000o0oo0oooooo (b, 11)]00000o
gbooobooooboooobooboobooooo
gbooobooooboooobooobooboooono
000 3,6)00000000000
goooboooobooogoboooboooboooon
dooooooooooobooooooooooo
goooooooooooo3ooooooooooad
oboooobooooobooooboobooboooo
ooooooooobooooooobooboboooo
8,40000000000000O00O0ODOUOOO
gbooooooooboooobooooobooonoo
obooobooboooooboboooobobooboooDo
oooooooooobooboboooooboooboooo
0000000000000 0000o0oo0ooo 18O
Zhang OOOOOOODOCOOOOODODODROO
goooboooooboobooooobobooboooo
000000000000000oooou [15, 1600
gboooboooboob 3ooobooooboood
00200000000000000000(0OOO
0)000000000000000O0O00O0000
00000000 (20000)0000000000O
obooooooooboooboobooobooboooonoo
0000000000000O0000oooooo (o
00000)00000D0OD00O0000O00ooDooo
gbobooboooobobooboooobo 200040
oboboobobooboboobosoboooobooona
oooooboooooboooobooobobooboooDo

D21D1u1! = D22D12t

Camera-1 Camera-2

U 1. 000000000000000000

ooooooooooooo

Zhang 00O 0O0OODOOODOOOOOODOOODOO
oooo0oooOooooooooooooooooon
000oo0oooOoooDoooooooooooooon
gooodooooobooooooobooooa
ogoboodooooobooooooobouooooa
00o0oooooUoooooooooooooooon
0o0oo0oooooooooooooooooooon
gooodoooooboooooooobooooa
oooooooooood

goooo200000b00 20000000000
0000000000000 oo00o (0 Hoooo
1000000000000 00000 1,20000
gdddddddooouoooo Dy, bys0ooo
0000000000 2000000000 Dy, Doy
o0o0o0o0oDooo0oD20000000000D00O
000o0oooo0 100000 200000000000
00 DyyD 0000 DypD, 0000000000
ooboooooooooooooboooooon

goooobouobobooooouobobooo
Zhang OOOOOOOODOOOOOODODOOOO
0o00oo0oooooooooooooooooooon
pgobobddooooooooooooooooboboo
gdoooooboboboobobouooooboooboo
oodooooOooooooooooooooood

000000o000oo0o0oU0ooO0dZhangO OO
0o0oooooooooooooooooooooon
000o0ooo00oooooooooooooooon
goobodoooooobooooooobooooa
0000000000000 ooOo (20) 00000
Jdd0ooOOoooOOoooOOoooOgon structure-from-
motion 000000000 (1000000000000
goddbooooooooobboooooobnobooooa
0o0oooooooooooooooooooooon
000000000000000 (plane homography)
O00o0o0o0OoO 4jo0o0oooooooo

0 480


研究会Temp 
－48－


oboogo200000000000000O00000
oboooobooooobooboobooobobooboooo
oobooooboooboooooooobooooooo
gbooobooooboooobooooboooo
000000000oO0oo0oO0O00 (Coo3o)oooo
gooobooooobooobooobooobooboboooo
000000000000o0o0oo0ooooo 40)o

2 Jooooooooobbbbbod

Iggoooboo0o0o0ooooooooooobooo
O000000000b0Oooooo<d0n (i=1,...,1)
oboooboobOobooooooo 30000oog
O03x30000 R, 000ooobooooooooogd
07Z000000030000XeR*00000
OO00o00zZ; 00

. ~KR/ [ 1, —ti}[X] (1)

P,

1

00000000000 0000K,; 0000000
00000000 3x30000000000000
O k;, 0000 (ugi, vo;), 000000 ;00000
000000 s, 0000

aiki  siki uoi
0 0 1

00000 (0000000000 (1)00 3x40
0P,00000000000
0000000000000 JOOOO0OOO
m~ (i=1,..J)000000000000000
000000000000000m 00000200
000000000000000000000000
0000000000000000000000 30
0000000 py,q;0003000000d;00
0(02)0p;,q;00000000

P/pj=q;q;=1, pjq; =0 (3)

oooooooooo20000 (z,y) 000 7 OO
gooobooobooboobooboo

X
X | | pj q; dj
[1]_[5 0 1] ? @
~————
Q,

0000000000 M4)004x300 Q0000
ooooooogd
00 ~000000000000000000000000

0490

{ti, Ri}

@Camera-i

02000000000

00 (1), 490000~ 00000000 (z,y) 00
007000000 (u,v)0

u T
1 H,, 1

0020000000000000000 3x300
H;;03x400000P;04x30000000 Q
000000000000

000000000 H,;D0r00000000 I,
00000000 (z,y) < (w,v) 040000000
00000000000000000000000

3 bDuoogbbobooooboo

3.1 00OO0OO0OO0OO0ODOOOOODOOOOOOO
(5)0000000000DO00U0OODOOOOOOO

ooo

Hy - Hyy P,
. =] e Q]
Hp - Hyy P; Q
———
A% P

(6)
0000000 3[x3J00wWOoOoOooooooo
00(6) 00000000 /00000000 3Ix40
OPD0OJOOODOODODOO4x3J00 QOO0
00000000 rankW =40000000000
0000000000000000 H,;0000000
000000000000 0Ostructure-from-motion O
0000000000 10000000000 (SVD)
000D 4x4000000000000)0000
0000000000000 D000000OO
000000000000000000 H; 000
000000000000000000000 H; O
0000 A, 0000 Hy; =)\,;H,; 00000000
O0H; 000000000000WOOO0O 40


研究会Temp 
－49－


000000000 wWOOOOoOoOooooooo
gdoooooooooood

000000 dstructure-from-motion J 0 OO 0O O
goddoooboooooobooooo [9,2, 13]
goooo200000000b000b00oo0ooOo1a
ogooboodooooobooo40b0b00oooaa
oo000o0obooo N\ 00000000000000
ooooooooo [2,13]DDDDDDDDDDDD
0db0odobooooooobooooooooooa
goboododooooboooooooobooooa
gbddoodooobodoobuo 2000000 [9]
goboooooooooooo

j0ooooood 000001000000
00007, 00000000 Ay =HH' O
oooooooooOo20000000 m, ;000
0000000, 000000000000 Gy; =
Ai_le“DDEIDDDDDDDDDIlDDDD m O
000 Z; 000000000000 ;000074
OO0 (O 3)000 0 Zelnik-Manor 0 O G; 000
O00I02003000000e,f0000 Gy =
I+ef' 00ODDODOOOODOODODOO G; 010
2000000000000000 [14]2|ZIIZIDDD
goooooooooooooa ﬂijD[IEIDEID
Gy = ﬁljﬂi—jlﬂilﬁﬂl = (Ni1A1y)/(AM11Ai)Gy; OO
20000 pij = Airhy)/(Airi;) 00000000
00 p; O GijDDDDDDDDDDDDDDDDD
0 Hy; O

0000000000000 0H;; = pijh;Hy =
(Aithi;/A)H; 000000H,; 00000000
o0 wao

Hy - Hy
W = : :
| Hp -+ Hyy
[ APy
= A11Qq AyQy } (8)
| AnPr

gooobooobooooo

go DDDDDGijDDDDDDDDDDDDDDD
ooooo1d ;0000 20000000000

0000000000000 10000000000000
ooooooooooooDoooofo0oO0ooOO0o0 2000000
oooooO100000 20000

03 2000000200000000000000
ooooo

uoooooooooooo w;000000000
OAO0ODOD

3.2 ODOO0ODOOO0ODOODOOOODOOD
000000000SVDODOOOO000O0 WO

W=l Q|

D000000000000000000000P,0
Pi=|1 o] (10)

0000000000000000(0O0000000
P, 00000 ¢, 000000 4x400 S =
P (PIP{)~! ¢} 0000 P, « P;S, Q) —
s~'Q;0O0000000000)
(8),(9)00000000000SVDOOOOODO
P;0 Q,00000000000000000000
P,0000000000 Q0

P, ~P,T, Q;~T'Q (11)

000000000000000000000 TOO
004x400000000000000000000
000000000000000000000000
0000000000000000000000
000000000000000000000000
0000000 10000000000R; =1, ¢, =0
000000000000 P, =[K;0/000000
0 (10), (11)00000000TO

T = (12)

h' &

K;! 0]

g sod


研究会Temp 
－50－


ooooooooooboooooo [hTh}DDDD
gooooo
o000, 00000 (11)oo20000000

TQ] = 3;Q; (13)

D000Q,0003x200000 [p, 00000
(3), (12), (13) O O OO absolute conic Z; 00O OO
0w =K 'K{'oO0OO

2

P, wip; =q; wid; =], pjlwid;=0 (14)

O0o0000p,00000000003x30000
wi0600000000000O 2000000000
0003000 (0 100000ooooooo oo
00000 2000)00000000000000
b0 »yobobooooboobooobobgoo
OO0 Cholesky O OO (3,3)000 10000000
ooooooK, 00000
0000000 K, 000008;0

B = /0w + i)z (15)

gooood
0000(13) 00040000000

{hT h}Q;:{OO@-} (16)

0000000000000000000000 [h' A
000000(16)00 [h' 0400000000 3
000000000002000000000000
00000000000000000000000
000000000000 TOO000 P,000
000000000000000000000000
P,(i=1,...,)000000P;003x30000
0QROODOOOONONDOOOOOONODDK, 000
R, 0000000004000000000 ;00
000
33 000000000000000000
00000000000000000000000
P, (i=1,...,/)0000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000(6 000000000
000000000000000000000000
0oooooo
;00000000 »; 0 N,00000 x;, =
(Zjn,ym) (n = 1,...,N;,) 00000000000
000x;, 000000000 Z,0000 u;, =

0510

(Wijn, vijn) 0000, 0000000000000
000 Gaussian 0 000000000000000
000000000000000000000/000
0000000000000000:

J Nj

I
ZZ Z Huijn - ﬁ(KiaRiatiapﬁqj’dj;xjn)HZ
i=1 j=1

n=1

— min (17)

000 0a(K;, R t,pjyq;,ds3x,) 0 (5) 0000
Ox;,0Z;0000000000000000000
ooobooooos20c0c0oooooooboocooon
Levenberg-Marquardt 0 [7] 0000000000

ooooooooooooooooboooooon
O0a()000000O000000O0O00O0O0O0O
00000 [16, 18]0

4 0000

0000000000000 0000000000
000000000000 D000000000oon
41 00DOO0OOOO
30000000000030000000000
0000000000000000 2,3000000
000000000000 ZhangODOO OO [15] 0
000000000000 000000000000
003000 k; = 900, uip = vip = 255, a; = 1.3888,
s; = 0.0012120000000000000 18mm 0
000 10x14=14000000000000004
000000000000000003000000
t;,0, 000000000 ;00000000000
0000000000000000000,0000
00000D00000002003000000 dy,
¢,0000000000000000000000
0100000000000000t, =6; =010
00002, 3000000000000000 {ty =
[50,0,0] T, 8, = [0,—5.7296°,0]}, {t3 = [100,0,0] ",
03 =1[0,-11.4592°,0)}00000030000000
000000000000 {d; = [-9,-12.5,500] T,
¢, = [20°,0,0]T}, {d2 = [-9,-12.5,510]", ¢, =
[0,20°,0]7}, {d3 = [-10.5,—12.5,525]T, ¢,
é%}3024302445ﬂT}D[]DD[]D
O0000000000000 Gaussian 0000
0000000000000000000 500000
0000000000000 000000000000
00000000000 ZhangDOOOOOODOO
000000000000000D000000000
04,5001 00000000000000000
000000000000000000000 Zhang


研究会Temp 
－51－


1.6
1.4  focal length (proposed) —— g
aspect ratio (proposed) -+ o
1.2 L focal length (Zhang) &
< aspect ratio (Zhang) - e
\: 1 L ) o) ol
o o
@ L L
p 0.8 E
= o
< 0.6 a
[0}
o4 o
04 o
02 | E,w”'” x

0 =
0 02 04 06 08 1 12 14 16 18 2
Noise (pixels)

04 010000000000000000O0000

7
6 r u0 (proposed) —— 3
VO (proposed) -+ By
w 5| u0 (Zhang) o I3
_g VO (Zhang) - » o
£ =
§ 4 | [a}e e
5] ' e
o 3t - s
=] o
B *
1 4;_**,“%“ X

0 L L L L L L L L L
0O 02 04 06 08 1 12 14 16 18 2
Noise (pixels)

s 0l100obooboocoooboo

gbooobooooboooobooooboooo
obooboooooboooboobooobooboobooonoo
gooooboooooboobooooobooboboooo
00000000000 (overfitting) 0OO0DOOODO
gooooood

goooboooobooogoboooobooo
0000 ZhangOOODOODODODOOOOOOOOOO
gbooooboobooooooboobooooog
obobooliooboobooboobooboobooboobo
oooooooooon

06, 7001000000002, 3000000
00000000000 000D000000 R, 00
DDDDILDDDDDDDDARfi&ﬁ:DDDD
000000000000000000000000
Zhang0OOOOODOOODOOD 50060%00000
0oooooooo

14

—_ 12 + 2nd camera (proposed) —— <1
€ 3rd camera (proposed) -+ a7
E 10 L 2nd camera (Zhang) = e
5 3rd camera (Zhang) L N
2 8 P
k) o
2 61 o s
8 = y
2 4t o s
8 A
< ol P

e

E

0 L L L L
0 02 04 06 08 1 12 14 16 18 2
Noise (pixels)

o6 02300000000000

0.9
—~ 0.8 + 2nd camera (proposed) —— 1
I 3rd camera (proposed) -+ gl
) 0.7 2nd camera (Zhang) = 0
5 3rd camera (Zhang) = Xt
= 0.6 .
[} o
§ o5t o
E - .
& 04y e A
S B o
1) 03 I x'vlm” A
5 X +
° 0.2 X
? o
Kol B
< o01p L

0

0O 02 04 06 08 1 12 14 16 18 2
Noise (pixels)

o7 02300000000000O

4.2 0O0O0O0OOO0O0OOO0O

000000000000000 8mmO0000
0000300 IEEEI394 000000000000
00000002mmO000 13x9=1170000
000000000006000000000 300
oooooooooo

0800(7)000000D00000D000O0OOO
WOOOOOOO0O00OO0O0000000000400
0000000 50000000 200000000
0000WOOOO0OO0O0O0400000000000
oooo

01000000000000000000000
000000001000000000000000
0002000000000000000000000
0000000000000000000000000

00000000000000000000300
000000003000000000000000
00000000000000 (09Ga)000000

0 520


研究会Temp 
－52－


U 1.0000ogoogood

params

first camera

second camera

third camera

initial

final

initial

final

initial

final

k;
(ui0,vi0)
a;

i
t; (mm)
0; (deg.)

1092.42
(321.06 218.16)
1.00962
-0.0019157
(000)

(000)

1085.84
(318.18 217.03)
1.00829
-0.0012213
(000)

(0 00)

1099.75
(352.36 236.03)
1.00803

0.0037976

(154.12 0.89 22.66)
(-0.27 -12.55 0.55)

1093.27

(354.02 235.49)
1.00809
-0.0010745

(154.30 0.93 22.37)
(-0.31 -12.40 0.57)

1114.19
(376.67 227.68)
1.00907

0.0015064

(72.36 -74.33 19.88)
(-7.56 -3.73 -1.18)

1110.85
(373.85 225.00)
1.00600

-0.0012511

(72.42 -74.11 19.62)
(-7.56 -3.75 -1.12)

10 ——

before re-scaling —
after re-scaling 1

0.1

0.01

Singular value

0.001

0.0001

]

PER

.

LI

- T

FEE0
3 M :
;g“ﬁr l“ j

Y

=X =

p

(b) Reconstructed 3D structure: top view, upper-side view and side view

09 0oboboboobobobobo 3bonoad
03000000

gboboobooboooboboobooboboan
0000000000 30000000000 9b)0O
goo

5 0OU

200000000000000D00D0DODO
gbooooooboboooooboobooobooog
OO0000ODOO0000DODO0O000ZhangD OO
oooooboooooboooobooboboobooobo
oooobooooobooooboobooboooo
gbobooboooobooboobooobooboooono
gbooooooooboooobooooobooonoo
oboooobooooobooooboooboobooboooDo

goboooooooboooooboobooboooo
gooooao
gbooobOoboobooooobooooboon
gbboubboouboooboodgoodd structure-
from-motion0 00000000000 O0O0CDOOO
gobooooboooooboboooobooooooo?
gboooobO2000000000000000000
gbooobo20000000000000000O00
gooobo200000booooboboobooog
0/00000000000000000000 Zhang
gboooooooboooobooooboooa
gboooobooobooooboooboobooog
gboobooobooobooooboooobooboooa
gboooobooooooobo
obooooOobooobooooobooooboon
oobooobooboobobooboboooboooooon
gbooooboobooboboooboooooo
gboobooooobooooboobooboooa
obooooboooooboooo

A rank(G—pl)=1000 0000

G =yl +ef’ (18)

0000003x300GO000000000000
O00p00000eD fO3000000000000
00000000000000 0000000000
(18) 000G -,I0000 1000000000
OG=[abc,I=[ijkl000000

a—pui~b—pj~c—pk

000000000000000000 300000
000000 200000000000000000
000000000000 200000

(a—pi)x(b—uj) = axb+pu(jxa—ixb)+u’k = 0 (19)

00009 oopdo0oo3000000oooo
0000 200000000000000(19001
oo0j000000000

i'(axb)+puk'a=0, j'(axb)+uk' b=0

0530


研究会Temp 
－53－


o0 p0OO000000 20000000000
gbooobogoobo200000000000000
Op0000400000000000000060
oooooooGeGUoooooooooooD pbOOO
gbbooboobooobobooboobaoboan
gooooo pdbooboobobo

gooo

[1]
2]

7]

[11]

[12]

[13]

O. D. Faugeras. Three-Dimensional Computer Vi-
sion. MIT Press, 1993.

A. Heyden. Projective Structure and Motion from
Image Sequences Using Subspace Methods. In Proc.
10th Scandinavian Conference on Image Analysis,
1997.

A. Heyden and K. Astrém. Euclidean Reconstruction
from Image Sequences with Varying and Unknown
Focal Length and Principal Point. In Proc. Computer
Vision and Pattern Recognition, pp. 438-443, 1997.

F. Kahl. Critical Motions and Ambiguous Euclidean
Reconstructions in Auto-Calibration. In Proc. 7th
International Conference on Computer Vision, pp.
469-475, 1999.

S. J. Maybank and O. D. Faugeras. A theory of
self-calibration of a moving camera. International
Journal of Computer Vision, Vol. 8, No. 2, pp. 123—
151, 1992.

M. Pollefeys, R. Koch, and L. Van Gool. Self-
Calibration and Metric Reconstruction Inspite of
Varying and Unknown Intrinsic Camera Parameters.
International Journal of Computer Vision, Vol. 32,
No. 1, pp. 7-25, 1999.

W. H. Press, B. P. Flannery, S. A. Teukolsky, and
W. T. Vetterling. Numerical Recipes in C: The Art of
Scientific Computing. Cambridge University Press,
1988.

P. Sturm. Critical Motion Sequences for Monocular
Self-Calibration and Uncalibrated Euclidean Recon-
struction. In Proc. Computer Vision and Pattern
Recognition, pp. 1100-1105, 1997.

P. Sturm and B. Triggs. A Factorization Based Algo-
rithm for Multi-Image Projective Structure and Mo-
tion. In Proc. 4th European Conference on Computer
Vision, Vol. 2, pp. 709-720, 1996.

C. Tomasi and T. Kanade. Shape and Motion from
Image Streams under Orthography: a Factorization
Method. International Journal of Computer Vision,
Vol. 9, No. 2, pp. 137-154, 1992.

B. Triggs. Autocalibration and the Absolute
Quadric. In Proc. Computer Vision and Pattern
Recognition, pp. 609-614, 1997.

R. Y. Tsai. A Versatile Camera Calibration Tech-
nique for High-Accuracy 3D Machine Vision Metrol-
ogy Using Off-the-Shelf TV Cameras and Lenses.
IEEE Journal of Robotics and Automation, Vol. 3,
No. 4, pp. 323-344, Aug 1987.

T. Ueshiba and F. Tomita. A Factorization Method
for Projective and KEuclidean Reconstruction from

[14]

[15]

[16]

[17]

18]

0 540

Multiple Perspective Views via Iterative Depth Esti-
mation. In Proc. 5th European Conference on Com-
puter Vision, Vol. 1, pp. 296-310, 1998.

Lihi Zelnik-Manor and Michal Irani. Multiview Con-
straints on Homographies. IEEE Trans. on Pattern
Analysis and Machine Intelligence, Vol. 24, No. 2,
pp. 214-223, Feb 2002.

Z. Zhang. A Flexible New Technique for Camera
Calibration. Technical Report MSR-TR-98-71, Mi-
crosoft Research, Dec 1998.

Z. Zhang. A Flexible New Technique for Camera
Calibration. IEEE Trans. on Pattern Analysis and
Machine Intelligence, Vol. 22, No. 11, pp. 1330-1334,
Nov 2000.

good. Cvev-wGoOooD: oogoooooo
0000000 0000000 X)-000oooo
Jo0ooooooooo -. 0000, No. CVIM102-9,
Nov 1996.

ooooo,0000. 3000bbooooogoo
J00000000OD0O0DbO. bO0oOoDb, No. 2002—
CVIM-131, pp. 1-8, January 2002.


研究会Temp 
－54－




