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Global calibration of CCD cameras in measurement
system for 3-D foot shapes

LIU Guo-zhong, WANG Bo-xiong, SHI Hui, LUO Xiu-zhi, Zhang Ming-zhao, WANG Rui
(Department of Precision Instruments and Mechanology , Tsinghua University ., Beijing 100084, China)

Abstract: A measurement system for 3-D foot shapes under different loads and the practical global cal-
ibration principle of CCD cameras based on coordinate mapping and POWEL optimization method were
described. The model of the measurement system was constructed based on four coordinate systems,
the visual point-net grid in light plane and in CCD camera image planes was formed through the scan-
ning of two inclined planes and the mapping relations were constructed. Finally, the objective function
based on transform coefficients between different coordinate systems was defined and the transform
parameters were optimized by POWEL method. Measurement results show that the repetitive error of
single CCD camera is 0. 062 5% and the relative measuring error of four CCDs is 0. 365%. Experimen-
tal results prove that the simple and practical global calibration method can be used in the spot calibra-
tion of the measurement system, and installation errors and nonlinearity of CCD cameras can be re-
duced.
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Fig. 1 Block diagram of measurement system
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Fig. 2 Photo of measurement system
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Fig. 3 Coordinates of 3-D foot shape measurement

system
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Fig. 4 Calibration discreteness and coordinate setting

338 3F B i Zu WOV RSIE 3 BT
T 6T P& 4 Ca) b AL A 1) R T E A7 45 4L 0T A=
A —HEMS Yo J P EAT I B X B 4 (b)
b LA 0 A T AT A AT DL A — RS
Xo HWPATHEL . B 60 EEE R E
H 5 pmu bR E R EE B U Zy LRI R 10 mm
VA% 160 mm, 7E X Al Yo P J5 43 58 B 17
SHEL W R RGAE X B Y By I
Bl (5% 160 mm, & 160 mm) R, H#% 16



BT

XS L A5 R = 4RI R G CCD AL R 1 2 Ry b i 1127

XY, EAE S5HEs R, (R, AV R84 B
t Sy 0.0 By . Zo, FIAZ K, H AZ
NP R B R e 3 O bR i R E ¢ 0. bia By
N Z o, XSS K0, T 22 2 AR P T X, Yo, Al
T XYL Z R AR FREE 4 R
4.1 XFEEEZLAEMKE
L R T LA A 2 A v %) 7 1 o AR T AR A
JE 2 A A bR R TP Y O R
Acxs T BoyetCoze=1, (5)
Hrp Ko= (A, Bo»Co) ARMR T R RE. AKX
(DARARAKX GO BRI AE On — XuYuZy 153
VB AR AR FR T R
KeR, pu=1 ., (6)
BAKXOHRAAKX O BRMEAE O, — X Y. . Z,
- T AL s AR T i O

KR, (R, p.+)=1, D)

iR 24 () 153
Kipr=1. €))
K, =(—KiRt) "KiR\R,, D)

Hob Ko A#HRAE O, — X Y. Z, D61 A bs &
MHRRE. AT pr=C(~xL 30,2007 1)
2 (HRZE AR A6 B BT R
Arx,+Bry,=1. (10)

A 10D F 7R 18 g F G (EOEF 1AL bR & A
O Zy B ILFH AZ WA & AEE V1l By
BT R SRIBOGT- 1 F W2 B4k 1 38 8 i A] 45
A 5@ BTt b — R 5 AR o F oy
4.2 CCD & ¥ T 5 5t F T 4 FR R 5t

A S Ca) B 7n J6F- 10 F 58 s AL bR 5 & 5
(b) flr 7R 2% A~ CCD & T _F AR VL Y 5B X 1 6
F o JHA bR 2 A 5 2 S A& CCD 8- T
AV THT 22 1) 1) A AR 48 G 3R

n n

o= 71Auu%ﬂ, (1D
i=0 j=0

= 2 DB a
i=0 j=0

ANXH A, F B MZTRE, o v MG
%ﬁ?v X *ﬂyz, ﬁ?%qzﬁﬁéﬁ?o
1 S PR AR KR 2, v, AT B E 2Ly RER

e, = i(zp— ili}Ai,u"v’)za (13
p—0

i=0 j=0
e, = i(y,)*]ZEBOu[U’)Z. (14)
=0 i—0 j=0

Y, (X1.YD)

Xr

(a) Y - i
(a)Light plane

u

(b)CCD 1% 1|
(b)CCD image plane
K5 CCD AR I -5 ' I A b e S5
Fig.5 Coordinate mapping of CCD image plane and

light plane

q NEZHITER SR RZBCA M B, TR A

de,

ae,\! _
(,)vio . (16)

4.3 FEMRULEIREHHE
i 5 D0 A A e g b 22 1008

F(ky= > f, k), an

j=0

L= —x)? + (i —y)® . (18)

| ¢]<<0. 05

|6]<C0. 05

|$]<20.05

SRAGRHR AR | |l <<0.05 . (19
| Bl <<0. 05

| v|<<0.05

| Zo, 1<<1




1128 e K TR

515 &

K=(¢.0.$.a p 7 Zo, ) WIEALSEL f, (&)
H X B — AN SR 0 A CCD FE bR 2 i b &R F
(183000 2 (L 5 A R (L 1) A0 s D 25 227 7 f. X
ADH @0 a By BN N INEE . Zo, 1AL
o mm, 29 G T R B A AN 2 i B S
bR R G SHL
4.4 RERENSHMIKLITE

W B2 B U Zy WLAE 10 mm
#% 160 mm, 7 3 Y610 4 B % K 4 Ca) Fil 4 (b) F
2 AL ) AT AT 40 L 7R X Y6 PS5 )
SR 17 R4k .

5 0 ORI A AE A4 CCD &P 1
JIT A B 28 A A

S = E s g G s skt & 6
TN F G e B (K 350 mm, 98 160 mm, &5
160 mm) 7E A B.C =AFOGEH 9 A FH
AV T P v e R AT I o L op A A 43
A WA 20 mm Al 120 mm S [ &5 B AR o B, 2t
A 18 AN . T REL S HEAT R
Wt S A R IR R G MM R . R
TEPE R 22 BN 5 0 23 365 BUR o 5 FE A ZE B, 0
SO AT AR B R 2D 4 5 e A A 1) 5 SR 1 TE A

160 mm
120 mm

A |+ + + | -
gl €
gl €

B |+ + + |o| o
(=] e
on| on

c |+ + +[ 1

&6 I &9 Kb HE SR
Fig. 6 Measurement range and positions of calibra-

tion objects

CN NPT S o = I T N S S
POWELL B #48 R 7 2R B H bx ek B0 /M
SE e HEIE R (R, FPEREJE M th S8 o0 ba s
YZo, o

55120 MR RGN S B PR OO L 0 E 1
BH K= (p.0.$.a By Zo DWIHIE R O,
552 BRI ARG ~ Q0 RGP A

Tl 17 AR 0 B T R H R 4 H 41
LY

553 RIS LA 2 BT RE R R
it 243 (13) ~ (16) KR HLA 2 (11 Fi(12) H A A gk
Ve

554 5 R bR HE B AE 45 A CCD i A b
1B AR 28 30 (1 1) AT C12) SRR o B 78 56 1T AL AR
TR

555 A IR S D A () 5 56 T AR AR R
T I A AL O A E A AR R T B (A
(xis9) 6

5506 ARE A (17D FI(18) 3R H bR ek K
8.

A 2 35 6 0, H 3 B AR R B E S/

SR AR S . A A (B ~(10)
HOHR A 5 Ca) 7R 6 P18 F 7 20 1 2k M H A2
MR, I B B R R - RAALK
(13)~(16), 25| &4 CCD B FEiH Xe, Yo, FE
T X LY Z R AR AR B G R

HT 5% AR RIE S BRA7-7E 1) R G451 S 50 AT
AL, RGEA AR & R Ge 1T SR LRG0
2.5 G, N7 2 G Mt fk B [E 24 30 min,

5§ mEHEMEER

0 $va By Zo, FESEM IR E LS RWNT -
¢= 0. 000 9474 39, ¢ = 0. 008 517 98,
$=0.000 001,a=—0.012 636 5,8=—0.010 299
7.7=0.0.Zo, =—0.270 604, H i ¢.0.8.a.8
oy BB AR L Zoo B FAL N mm,

B~ CCD %t B2 80 mm YA e il 17
ZUWHA M = E R IR 1 fros. ;A CCD &
MR 25<C0. 062 5%,

x1 SEAHS0 mm PURARS XHBNELER

Tab.1 Measurement results of 80 mm high object

RV € 1 2 3 4 5

A (mm) 79.995  79.985 79.987 79.991 79.992

4 4~ CCD $AZHUXS 5 B 2~ 83 mm (1) Fr o B
TEAS TR B AT 0 5 () 25 SR X Hean & 2 firaR . 4
A CCD U £ {5 A0 %% 22 <0, 365 % ,



i XS L A5 R = 4RI R G CCD AL R 1 2 Ry b i 1129

2 44 CCDFEBRYMFES 83 mm [ Yixhii 2SI A CCD BEAT 4 R AR s i 7
AT B R T 00 ST R 7 55 20 6 (Sl B 32 3 LA
Tab. 2 Measurement results of 83 mm high object by four %%Eﬂ%%ﬁ%’ KR E RN T —4E3E ZhHL M
CCD cameras in different positions S T IR S P B 8 P AR 2 0 R 2 L
2R E (o) CCDI CCD2— CCD3— CCDE - OCD 45 4 2 P H o 1 BE W L 3R 56 %0 o i
0 83.106 82.822  83.014  83.371  sg gy nl L F 28 BIIN & R 48 1 2 8 b o
100 83.154 82.819 83.109 83.261 i
200 83.145 82.742 83.059 83.234

6

A 2% 5 T 1 . 0 5 298 A B
n % 1 SlBRIS BRHTRE E0 J2 H8 5 H A T3 31 B
% i I B B 5 140 2 8 2 B A 25

e H 3 B o B ) A B R BT I
B E AU RS R AT 3 COD MEMRE g ey oo, oo 9B AL = 20 59

PRE 0. 0625764  COD WRLEAIRFRENT sy iy 2 s e g 1 20 KK B2 Bl 8

0. 365 %0 » Mt 28 G b 22 AN R B2 3 A2 A2 3B R SF K I 3 T 2 S B R EAS R R T
WHER ., RESRFELRIFINEELD oo o omsae e
H— Yk LR T bR 4L 4 o] LAAE D o B

S E 3k

[1]
[2]

[3]

[4]

[5]

(6]

(7]

(8]

(9]

[10]

STEPHEN M. http://www. drpribut. com/sports/spshoe. html. [ OL].
JEBER R X E B B TORUIE M = R I A R K RG] R B R, 2002,21(4) :18-21.
JUY, WANG T Q, LIU J SH, et al.. Principle and system design of foot profile 3-D measuring device based on
light-section method [J]. Jowrnal of Transducer Technology, 2002,21(4):18-21. (in Chinese)
et fe KT ARAT AN ZTRERE ZAEI[D]. WL K¥,2006.
XU X H. Foot measuring technology and system implementation based on stereo vision [D]. Paper of Master De-
gree in Zhejiang University,2006. (in Chinese)
PATIFLO A,MENESES ]J. Optic system for the measurement of metrological parameters of the foot [J]. SPIE,
2004,5622: 84-90.
GARTNER H.LAVOLE ] F,VERMETTE E, et al.. Multiple structured light system for the 3D-measurement of
feet [J]. SPIE,1999,3640:104-114.
X RA B AR vt B A — OB R A S S O A IR R E O k[T ] RE# R F AR, 1999,32(5) :547-550.
LIU F M, DUAN F J, YE SH H. New accurate calibration technique for the light-strip sensors [J]. Journal of
Tianjin University . 1999.32(5):547-550. (in Chinese)
WE. R FE, ARG, LMD RERE SORBONERTFET]. AR EAR K F F . 2004,30(1):9-13.
XU Y, ZHANG G J, WEI ZH ZH. Method for acquiring characteristic points in the calibration of line structure-
light sensor [J]. Journal of Beijing University of Aeronautics and Astronautics, 2004,30(1):9-13. (in Chinese)
PR TR, Rm A WS E R MAHPLEMET]. kg 455 T4, 2006.14(5) : 883-890.
YE D, XU Q Y, CHE R SH. Camera calibration technique for vision measurement system [J]. Opt. Precision
Eng., 2006,14(5): 883-890. (in Chinese)
R, R Rk, B4, F T RUE R BILE B R HER R SET]. A5 M5 T2, 2006,14(3) : 485-489.
YE D, LIU CH Y, CHE R SH, et al.. Dummy solid camera calibration technology using genetic algorithm []].
Opt. Precision Eng. ., 2006,14(3): 485-489. (in Chinese)
LA, R, FhBL. T BP 2R R4 RIS AR AR A IE DT AL ]. R F A T A2, 2005,13(3):348-353.
SHI Z L, KANG J, SUN R. BP NN-based method for lens distortion correction of large-field imaging [J]. Opt.
Precision Eng. . 2005,13(3) :348-353. (in Chinese)

EE A X E L (1966 —) . 55 R R % AR SN R AT 50 AR L U RT AR Tk 2 e A 28082 2T I 5 3¢

ARG BT AR E 55 B PS5 0 A F 9T . E-mail: liugz03@mails. tsinghua. edu. cn
FAAMECI947 —) B VE A KRG B AL SR S AU R LA R, B FRE & A8 5 IR \MEMS
FiAR OGN R AW BE B R A 5 T A F ST . E-mail: wangbx@mail. tsinghua. edu. cn



