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Multi-camera Calibration Method for Optical Motion
Capture System
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Abstract

In this paper, the multi-camera calibration algorithm for optical motion capture system is
proposed. This algorithm performs 1st camera calibration using DLT(Direct linear transformation)
method and 3-axis calibration frame with 7 optical markers. And 2nd calibration is performed by
waving with a wand of known length(so called wand dance) throughout desired calibration volume.
In the 1st camera calibration, it is obtained not only camera parameter but also radial lens
distortion parameters. These parameters are used initial solution for optimization in the 2nd
camera calibration. In the 2nd camera calibration, the optimization is performed. The objective
function is to minimize the difference of distance between real markers and reconstructed markers.
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For verification of the proposed algorithm, re-projection errors are calculated and the distance

among markers in the 3-axis frame and in the wand calculated. And then it compares the proposed

algorithm with commercial motion capture system. In the 3D reconstruction error of 3-axis frame,

average error presents 1.7042mm(commercial system) and 0.8765mm(proposed algorithm).

Average error reduces to 51.4 percent in commercial system. In the distance between markers in

the wand, the average error shows 1.8897mm in the commercial system and 2.0183mm in the

proposed algorithm.

» Keyword :Z02t2X(camera calibration), CIEZHEH multi-camera), Z3tA| mM74%(optical
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Fig. 1. 3-axis control points
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3% HAES 339 ARE Anlsle] HAE s

HEH oz Aid 7iet ME HEuiEd ge # 19
Zo] z} spEld 2 24 A, skewdt 231 FH 93
2 Jehligic}, 23 A S & 29 2o} A= F) o3
kol 27] Mo 109~107" W92 AXNFAT

1. 2 Fielel Wiy oiefale

Table 1. Intrinsic parameters of each camera

flpixels) polpixels)
Camera Skew
X y X y
1 846.2 848.9 9.9 360.6 | 2359
2 909.9 908.3 ~0.0 2711 2715
3 884.4 893.8 15.5 418.7 | 238.1
4 808.1 805.5 -10.8 258.4 | 262.1

2. Z7iglel dixeigxis
Table 2. Lens distortion parameters of each camera

Cam. Ki o Ky
1 -6.3020x10” 2.1149x10™" 7.7766x10°"
2 1.6803x10°® -7.9250x10™"! 1.2689x10°"
3 1.7213x10°¢ -5.9458x10™"! 5.6692x107®
4 2.3726x10” -2.2204<10" 2.0188x107®

zk Fhete] AriFEMe] H219 3% A E viAE
HA® dvke 03 29 At 4¥S ¢ W 3% BAHEE F
Hog 4die] Fhite MAAZY] g Add Fiezle]
AA S} 35 HAES A7 28 29 o] eyttt

8 2. AHME 2 sjolile) Hxiet SE 3% HAE
Fg. 2. Calculated positions of each camera and recorstructed markers of
3 axis frame
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3} o] Uiy,



46  BEZFEHERSE ®LEE(2009. 6)

O3 3. BHE0| e ol Alolel Hal(xmE F)
Fig. 3. Distance between wand markers(before optimization)
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£ B3 EAlY] F AR (250 mm) & 71&2 2 RMSE(root
mean square error)Z AXEIFT. ol Hioxe
0.0063mme]a )21 5.7334mmE VERIT) Ha k=
1.7828mme]"] 2Ake] FFAA: 1.3667= el A=)
& BRI AL vl ARl #493R= 0.0006mm
ol HUei: 5.2532mm=  YERTH HERee
1.5569mme]™ EFHARE 1.17012 VERdTHE 3). dizd=
S & A 234 & A5l vlE] et 87.3% FE
o2 ARt A GA A= TS A A A
VERITHE 3).

FAZE FPHAS A S A= P22 1R Yk
734 3224 0.0035mmE VRt v AR 5.3753mm
2 Jepgt). AdiAzle] g B xke 1.6581mmE Ve
U HA3E 8] doks 4-9-9] 1.7828mmel Hls] 2HA
Yelddt. dge BFEHaRE 1.0851mmE el 3 A 3E
FPR okgkE A Ho) 2 Jelgd. v A2
T #HFsle] B4 Hadl#E 0.0015mmE Vebta o)
&= 4.5722mm= et BT eAe 1.4277TmmE A
3= FYPIA Bt A5 1.5569mmie} 2 Vst B
FHA 9A] A 3E YA Yoks AR FA Vel
THE 3).

E 3. BXZ9| 0 Alo] Hel 2K bl
Table 3. Compare error about distance between markers in
the wand

Error Before optimization After optimization
{mm} | Calibration | Corrected | Calibration | Corrected
Min. 0.0063 0.0006 0.0035 0.0015
Max. 5.7334 5.2532 5.3753 45722
Avg. 1.7828 1.6569 1.6581 1.4277
S.D 1.3667 1.1701 1.0851 0.9572

AT $AAL A4S AZATE 7 A3ke )
% AzAZE BRRNEE el FHE wash) Astel v
BAbole] A AR dibe oY 49 A,

3 4. BEHEl = ol Alole] AHz|(xxst #)
Fig. 4. Distance between wand markers(after optimization)
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o}, AA AEgolHe 4 (15)9} 2o] Flelz £33 nlA
o] 2311 HE ()¢} 7o} (P2 B3 33 AR (X)
£ ol g3la] Axtg 2319 HFAL]S ¥l wak= Holth, o714
AXE olAe] 2319 AFEE A= Y IJo| BAH Flolr},

Brror,,,= Ed(zﬁPXi )2 s 15

ARGl e 35 BB WF A BB e A
WA w7, T HA vlel) s ALbsiict

25 - - --mmmmmm o _ BReprojection error  @S.D.

pixel

caml cam2 cam3 cam4

O3 5. 3% BFEE0| = ope| XEEHoi
Fig. 5. Reprojection errors of markers in 3-axis frame

I3 5%z FhellElelA] 3% BAES e kALl AFE
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Bl gl A AA oiAe] AT} BERake O3 63
7tk AFglele 4the] Fhelletolln 1.8pixel B} A Vel
o FFEA A 1,880} A vebhth 7 & AFgdlE
2 Hole Fhllahs cam32 1.712pixel 2 VeI /1R & &
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U] 2% camdold 1.6422 eI,

B Reprojection error  #S.D.

2

02 6. M0l U= A ey ojFel RiF Aol
Fig. 6. Reprojection errors of st marker in wand

2354 e F A vlAL] ARG #EHAR 2
9 73 2ot ATl 49l FlelEtolA 1.6pixel Tt AA
Vel FEHEARE 1280 2 velstet. 7P 2 ARl
28 Hol FMllEhe cam3E 1.584%pixel & Vebstn 71 &
FEAAC] 49 camdolld 1.08692 viebsitt

e B Reprojection error  S.D.
1.6

14

1.2

%08
05 ¢
0.4

02

cam®

O3 7. BHE = F M 072 Migdoly
Fig. 7. Reprojection errors of 2nd marker in wand

gl By A0S ZFs] AT F A wHoe A
Aol Azle} vl waich A Fhie}t BAo] AMEERA] o
& dloJElE gE37] Yl 8RR ol 8] FH HEE
A daTez AME 48 T BIEAY)
(Optitrack, NaturalPoint Inc., USA)& £ A7elA At
43 Flogel AL AARE(752x480)9] Aoz Aedals]
th A8 32 BAE = 70 v dArS YEsl] 3
A FARE AR EA LS £1o mlAlele] A o
o|E1E FE53I5ir). 3% BAYEL| A HuE T/ viA Fol
27148 Agsie] g e F 217K A8 mlAAtel A
g Al vla el aejm viHAlele] ARl faR=
RMSEZ A5t

A4gvel 3% EAE oig RMSEE Wzdiie o

A & 49 go] A7 1.7042mmE HEREEL A
@ gueEE 0.8766mmE F87gHe 51.4% FELR
vrerdTt 387319 o2l s} AQtE daalEel o2zt B4
Aoz fofd Aol & UeeA HFd7] At t-testE
AAEEE W p € 0.05 2 veht £ A7oX Adshs €
e Fo] el dzist vimdlgle of $AHE fo
g Atol7k Yelstt

X 4. 2XEC| oA Alo] 72| 2At il
Table 4. Distance among markers in the 3-axis frame

Mark | Absolute Commercial Mocap Proposed method
or distance [mml {mm)

pairs {mm} Dist. Error Dist. Error
1-2 250 250.8345 0.8345 | 250.4104 0.4104
1-3 320.1562 321.1886 1.0324 | 320.3696 0.2134
1-4 471.6991 472.6301 0.931 4727775 1.0784
1-5 650 650.8701 0.8701 649.2456 0.7544
1-6 349.3365 351.0491 1.7126 | 350.1343 0.7978
1-7 553.6569 556.4368 2.7799 | 553.8078 0.1509
23 538,5165 5426902 | 4.0737 | 538.1315 0.615
2-4 640.3124 643.8032 3.4908 | 641.3308 1.0184
2-5 781.0250 784.0261 3.0011 780.7037 0.3213
2-6 566.3596 559.074 2.7144 | 557.3401 | 0.9805
2-7 702.8769 705.2631 2.3762 | 703.4094 0.53256
34 200 200.0625 0.0625 | 201.3815 1.3815
35 400 400.3654 0.3654 | 399.0774 0.9226
36 315.4933 315,843 0.3497 | 315.3788 0.1144
3-7 532,9503 534.2071 1.2568 | 531.5211 1.4292
45 200 200.3053 0.3053 197.7019 2.2981
4-6 468.5467 469.288 0.7413 | 470.4812 1.9345
4-7 635.6383 637.3056 1.6673 | 636.1665 0.5282
56 647.7160 649.0713 1.36563 | 647.2538 0.4622
57 T77.1976 779.861 2.6635 | 775.6267 1.5708
6-7 250 253.2063 3.2063 | 249.1078 0.8921

Mean error 1.7042 0.8765

% 1005= 8ol tiste] BRAZA]S) A E H-a7gu| s}
v Ade 1Y 87 ) ol Ao vy A
e Ao 0.0050mmE Velgm A oA
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Distance (mm}
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Fig. 8. Distance between wand markers{commercial motion
capture system and proposed method)
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Table 5. Distance between markers in the wand(verification)

Error (mm) Commercial Proposed

Mocap method

Min. 0.0050 0.0010

Max. 13.9678 6.9862

Avg. 1.8897 2.0183

SD 1.5458 1.5999
v.2 e
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