RV R ooE % Ok Vol. 47, No. 1
2020 4£ 1 H CHINESE JOURNAL OF LASERS January, 2020

B Fha s A shaa i 2 AL & FHHLER X2 b g Ui vk

BUBL2 BWAS 70, L
lvﬁ‘{l/’&%ﬁﬂﬁ BT R, Wi 2 3113005
IR R BB S S EAR Y, 7 FH 121013

I BTN R E o e L A M S E R LA RS b R Sl E [ E R T B i o VA DS [ TR R T (2
g Gt B R | L T A R VR A AR TR 0 & N AR AR E . BE T A SR RS R 7 B e B AR R R
W AR A S R B GRS T e . %7 R BE B S IR A4 AR R S F 44 W T B ROhR AR Y Bl G A S ke A
TR B GRS S S 388 VAR E AR, M2l A BRI &R0 2 A& AHALER & 1Y 1R] 4 1 22 1 A
) — I 3, I AR o — i by 00 28 B3 A5 Sk 20 B 2 AR L . S50 25 SR B i 0 vk B A AR A S G 1 25 1 R (T 34
65535 ) AR AR AR B AR A Y D8 5 6 A Tk I R AR AR SO TH T AR 1R 25 (RMS) /N T 0.20 pixel HAR
B 2Z 8] 1 FE 6 2 1] 70 38 I Bl 38 /0 - BE A8 A5 280 Hb 38 755 22 W0 A MILATS o 108 e il 1k ARG B 5 92 7 1k RT O {6 Ml i ) HL At [+
K2 MARPLEH 2 S AR LA b5 @ N H

KR ML A G ML VAR E s X E s B RISERE; LA &M

FESZ%ES TP391.41 XHFRER A doi: 10.3788/CJL202047.0110003

Calibration Method with Implicit Constraints for Multi-View Combined Camera
Using Automatic Coding of Marker Points
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Abstract  Self-encoding and common markers are designed to improve the capacity and efficiency of automatic
encoding of the markers in a large-sized target calibration field. An indoor target calibration field is established,
where the self-encoding markers are adopted as the encoding reference and the common markers are adopted as the
control-point targets. Based on the principle of “homologous points with same number,” an automatic encoding
method is proposed to deal with the self-encoding and common markers. This method can automatically realize the
automatic coding mapping between the image markers and the object control-point markers with the same name,
avoid setting the number of image markers manually, and improve the calibration efficiency. Subsequently, the
general form of indirect adjustment model is derived for the calibration of a multi-view combined camera with
implicit constraints. This model is then applied to calibrating a developed multi-view camera comprising webcams.
The experimental results denote that the proposed method exhibits the advantages of large encoding capacity (up to
65535), high decoding efficiency, and automatic decoding. Because the relative orientation parameters exhibit less
fluctuation and the back-projection root-mean-square (RMS) error in the image point plane is less than 0.20 pixel,
the robustness and accuracy of the calibration can be improved using the proposed calibration method. Furthermore,
the usage of the proposed method can be easily extended to other similar multi-view or panoramic cameras to obtain
appropriate calibration.
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Table 1 Internal and external codes for coding markers

Internal code External code
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Fig. 1 Target calibration field and self-coding marker
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Fig. 3 Geometrical structure of combined camera
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Table 3 Root-mean-square error of checking points by method A

Camera number RMSx /pm RMSy /pm RMSaxy /pum RMSX /mm RMSY /mm RMSZ /mm
1 0.248 0.071 0.258 0.649 0.379 2.356
2 0.374 0.438 0.576 0.461 0.126 1.093
3 0.099 0.103 0.143 0.904 0.481 2.159
4 0.329 0.568 0.656 1.357 0.147 2.173
5 0.334 0.166 0.373 0.322 0.496 1.392

F A4 Tk BRI E
Table 4 Root-mean-square error of checking points by method B

Camera number RMS z /pm RMSy /um RMSazy /pm RMS X /mm RMSY /mm RMSZ /mm
1 0.278 0.176 0.329 0.729 0.241 2.116
2 0.202 0.442 0.486 1.141 0.599 1.522
3 0.162 0.154 0.224 0.949 0.116 1.858
4 0.438 0.336 0.552 1.011 0.706 2.102
5 0.360 0.402 0.540 0.927 0.068 1.612

5 4k i BL 3% 77 ¥ AT LA D7 {6 b 4 8 1) 5 Al 22 0 AH LA 22 i

FHF e R B2 R0 H ) 2 AL A AL i R
FH I FRObR 1 b5 2 5 . LR T 2 R 2K
T BT Kl b, HE IR E R R AR . N
TR AR S H A, B — %ﬂlﬁ%ﬁﬁﬁ%%
ARG E AR RS A 0 T L % TR B A AR e 1
T o 7 X 2 a0 E: 1% B A A5 A R e g 1 K
B A3k 65535 A BRI LIE £ 4 F Tk — i sr
PA T Zhr kA RIS . BN A8 AR LR
ENEHEFENT AL T TARBED 4 A H
RS G AR VS L A5 7 L S B IR A AR 8 AR Y
SRR R 5 AR LR E A LA, 2 AL A A
PL2 3 K B L2 (ML, DR B2 R SR T 2 A% .
S B R (A A s DG e 0 G A ) T R, AT S5 B0k
L. ML, ﬂika%UﬁHﬁﬁE%*ﬁ,b\i%;éﬁﬁ%
SE v AR g A s R 5 A AR R D B %
F . A R B @h@ﬂﬁ%ﬁfﬁﬂﬁéﬁ%,?ﬂﬁﬁ
“TR 24 R TR A B N, Bl S ) 44 S AR A
5[5 44 9 7 45 ) 6 b i 014 G B e S5 o TR S R [ 44
15 55, TR 4% 40 05 0 DS T L D4R 0 A S AR L A R TSR
I TR A AR i 45 i 3 1 R L o Z AL A A AL
M4 A SR . MR TAE Go b e Oy ik AR SO Tk
FIAT FAHBLIE] [ % ) LA 24 o 4% 44, 8 57 L 3 A1
ML = AL Z B B AR R, T RIES
(] J5 7 28 2 o o A5 B 1 — O 2 PR G A AR R
VBB A o RS WOE A R T RS
V] P8 R DG o HL A 4 SR O R O e R R . A
FHAS SCT7 2] o HH I 48 4845 Sk 1 2 1) 2 A4 A

PR DLl A2 v A T A5 BF 2 T 2 T Z2 ALY i
B I | = 4 oK

Z % x M

[1] LulJ, Sun H B, Chang Z Y. A novel method for
camera calibration with orthogonal
[J]. Chinese Journal of Lasers, 2014,
0208001.

JEEE, PVER, BE B . ML IE 22 e A R MLAR
SEJTIELT]. HEBOE, 2014, 41¢2): 0208001.

[2] SuC, ZhouX X, Li HF, etal. 360 deg full-parallax
light-field display using panoramic camera [ ] ].
Applied Optics, 2016, 55(17): 4729-4735.

[3] Tao TY, Chen Q, Da]J, et al.
measurement with composite phase-shifting fringes

Optics Express, 2016, 24

vanishing points

41 (2):

Real-time 3-D shape

and multi-view system[]J].
(18): 20253-20269.

[4] Shortis M.
measurements by underwater camera systems [J].
Sensors, 2015, 15(12): 30810-30826.

[5] Heng L, Lee G H, Pollefeys M. Self-calibration and
visual SLAM with a multi-camera system on a micro
aerial vehicle[J]. Autonomous Robots, 2015, 39(3):
259-2717.

[6] WuF L, Liu J J, Ren X, et al.

exploration panoramic camera calibration technique

Calibration techniques for accurate

Deep space

based on circular markers [J]. Acta Optica Sinica,
2013, 33(11): 1115002.
RILEE, X%, 8, 5. TR E SRS
PR 4 S AR HLAR & 7 i [T]. Jea= %k, 2013, 33
(11): 1115002.

[7] Zhang S, Xu Y M, Liu S C, et al. Calibration of

Chang’e-3 lunar rover stereo-camera system based on

0110003-9



h 5| b4 ot

control field[J]. Geomatics and Information Science Proceedings, May 12-15, 2014, Montevideo,

of Wuhan University, 2015, 40(11): 1509-1513. Uruguay. New York: IEEE, 2014: 14467382.

sk, BB, XA, 4. BEik-3 5 A T R [18] Sun Q, Xu D. Self-calibration of multi-camera

wAr AL RS R (1] RIK2EZ M (F R networks without feature correspondence between

B2, 2015, 40(11): 1509-1513. different cameras[J]. Optik, 2014, 125(13): 3331-
[8] CuiH X, LiuJ Q, Su G Z. Combined static and 3336.

dynamic platform calibration for an aerial multi- [19] Yin L, Wang X J, Ni Y B, et al. Extrinsic

camera system[]]. KSII Transactions on Internet and parameters calibration method of cameras with non-

Information Systems, 2016, 10(6): 2689-2708. overlapping fields of view in airborne remote sensing
[9] Cui H X, Liu L, Liu C. Displacement vector [J]. Remote Sensing, 2018, 10(8): 1298.

detection method for low altitude dynamic imaging [20] StrauB T, Ziegler J, Beck J. Calibrating multiple

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[J]. Chinese Journal of Lasers, 2016, 43 (9):
0904008.

FELLE, X, X, K2 3l R AL RS & 4R D 7
B, b EEE, 2016, 43(9): 0904008.

LuXS, YulJ]Y, Tian M Y, et al. Fusion method of
vehicle laser point cloud and serialized panoramic
image[J]. Chinese Journal of Lasers, 2018, 45(5):
0510004 .

AEW, ERE, BEX, & E80068 5 5751
st EA I L] RO, 2018, 45¢5):
0510004 .

Zhang L., Tang Q J, Deng D N, et al. Field-of-view
correction for dual-camera dynamic phase imaging
based on transport of intensity equation[]J]. Chinese
Journal of Lasers, 2019, 46(8): 0804005.

KBk, HHE, XEm, . KT O AL i 7 R A
AL BN A A AL AR LA E [T . P EEOE, 2019,
46(8): 0804005.

Meng X Q, Hu Z Y. Recent progress in camera self-
calibration[J]. Acta Automatica Sinica, 2003, 29
(1): 110-124.

wBEHE, G . SRR A bR B EE oY e
UJ]. Ashfb2#4], 2003, 29(1): 110-124.

Hartley R 1. Self-calibration of stationary cameras
[J]. International Journal of Computer Vision, 1997,
22(1): 5-23.

de la
chessboard detection for intrinsic and extrinsic camera
parameter calibration [J]. Sensors, 2010, 10 (3):
2027-2044.

Escalera A, Armingol ] M. Automatic

Tsai R. A versatile camera calibration technique for
high-accuracy 3D machine vision metrology using off-
the-shelf TV cameras and lenses[]]. IEEE Journal on
Robotics and Automation, 1987, 3(4): 323-344.

Zhang Z Y. Camera calibration with one-dimensional
objects[J]. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 2004, 26(7): 892-899.

Rapczynski M, Lilienblum E, von Enzberg S, et al.
Simultaneous multi-camera calibration based on
phase-shift measurements on planar surfaces [C] //
2014 1EEE

Measurement

Instrumentation  and

( I2MTC)

International

Technology Conference

[21]

[22]

[23]

[24]

[26]

[27]

(28]

[29]

0110003-10

cameras with non-overlapping views using coded
checkerboard targets [C] // 17th International IEEE
Conference on Intelligent Transportation Systems
(ITSC), May 12-15, 2014, Montevideo, Uruguay.
New York: IEEE, 2014: 14467382.

Zheng S Y, Huang R Y, Guo B Y, et al. Stereo-
camera calibration with restrictive constraints []].
Acta Geodaetica et Cartographica Sinica, 2012, 41
(6): 877-885.

HX, B, FEx, F. LR & A
BUARE ik (1] . 224, 2012, 41(6): 877-885.
Wang Z S, Wu W, Xu X H, et al. Recognition and
location of the internal corners of planar checkerboard
calibration pattern image [J]. Applied Mathematics
and Computation, 2007, 185(2): 894-906.

Li J, Liu Z L.
method for remote sensing photogrammetry [J].
Optics Express, 2018, 26(11): 14213-14231.
Detchev I, Mazaheri M, Rondeel S, et al. Calibration

Efficient camera self-calibration

of multi-camera photogrammetric systems [ ] ].
ISPRS-International Archives of the
Photogrammetry, Remote Sensing and Spatial

Information Sciences, 2014, XL-1: 101-108.
Tommaselli A, Galo M, de Moraes M,
Generating virtual images from oblique frames[J].
Remote Sensing, 2013, 5(4): 1875-1893.

Habib A, Detchev I, Kwak E. Stability analysis for a
multi-camera photogrammetric system[]]. Sensors,
2014, 14(8): 15084-15112.

Yan L, Wang Y D. Block adjustment of vehicle-

borne

et al.

images using extended
collinearity Acta
Cartographica Sinica, 2017, 46(4): 460-467.

EF, FZEFF. ¥Rt A A E R G e sALY
RIS 22 0] MZ2E3H, 2017, 46(4): 460-467.
Fraser C S. Digital camera self-calibration[]J]. ISPRS
Journal of Photogrammetry and Remote Sensing,
1997, 52(4): 149-159.

Ahn S J, Rauh W. Geometric least squares fitting of

multi-camera rig

equations [ J . Geodaetica et

circle and ellipse[J]. International Journal of Pattern
Recognition and Artificial Intelligence, 1999, 13(7):
987-996.



