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Weak-light binocular fisheye camera calibration cased
on global threshold and multi-constraints
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Abstract: In order to improve the accuracy of feature point extraction and reduce the error in the reconstructed 3D space in camera
calibration, we propose a full-threshold segmentation and multi-constraint binocular fisheye camera calibration algorithm in this paper.
To address the problems of large noise in edge regions and insufficient fitting accuracy of feature points in traditional calibration,
firstly, based on the unified fisheye imaging model, a Gaussian function is used to iteratively fit the grayscale histogram and a global
full-threshold segmentation method is applied to accurately extract circular calibration feature points, thereby achieving high-precision
feature identification in distorted images. In addition, multi-constraint optimization function that integrates vertical and collinear
constraints is proposed as a supplement to distance and epipolar constraints. It fully exploits 3D information in the inverse-projection
stage of spatial point reconstruction, simultaneously considers the overall 3D spatial structure and local geometric relationships of the
reconstructed points. In implementation, a circular calibration board combined with a global-threshold-based ellipse boundary
detection strategy is adopted, and the multi-constraint objective function is iteratively solved using the Levenberg-Marquardt algorithm,
thereby improving the convergence and stability of parameter estimation. Experiments are conducted on a binocular fisheye system,

where multiple calibration tests are performed and evaluation metrics including distance error, epipolar error, vertical error, and
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collinear error were used. The experimental results show that the proposed method attains high accuracy in feature-point detection and

parameter optimization; the mean reprojection error (MRE) is reduced by 30. 85% compared with traditional methods, the 3D spatial

error is reduced by about 45% , and the average error on the test images is below 0. 3% , which verifies significant improvements in

both accuracy and robustness. This study provides a reliable parameter foundation for high-precision calibration of binocular fisheye

vision systems.

Keywords : machine vision; fisheye camera calibration; threshold segmentation; multi-constraint optimization; feature point extraction

0 5l

i3

KHLGE RGeS — R e AR AE Tolk AR
PR BEE A AR B AR A A AN TR A Bk
AR, SR BTk 04t B B T L SR R
B TRDEE , SR, Fhy T AR R Y R DL RO A I B Y 24
TSI 5 04 AR ] Il 23 R AR R I A, 7
X B HRARBLEEA AR A2 B3 i v | 52 R s 5 245 SR 2 A [A
RAMRZ  BIANARPLIEC I B] FRAE 2 BURRS JE | P2
RS S P A s A DR, S B A IR AR DL 5 1)
K RE S BB PR IR — D PR, SCHR[ 10-11 ] X AR
A bR E BT 1 X R VR AT LR T PRGE B 5 PR E {H
HVREE T ARER RE , R O AN T RO JEE A L
R, RASE R T — b TR AR B AR BR
TEBSEARL bR g 7 vk B A IR R A 10 55 53 22 T W
o Bu SEHE BT b AR LU S b E AR R B
FUOA AR 7, 32 MRS 2N /N | DR AR B[]0 B8] )
A= AAIE RE TR R S B R R AR, Cai
SR PR RS 1 2 Y A 1T BB TR T R4 7 A 5
PAFBARHLA N TR S HL, (0% AR S 2B, T
THENEORS R 288, 8 3 /b = ZE AL & P 45 i iR
KA TAIHLA I — R A T M . Cui %1 4R
TR A R GRS RE T5 Ik 8 = 4RI R AR bR A
e 3t e It = A I ok /DA HR S A M T B S 2 (] Y
JERIEEURE JFEE G TR 2 A SR ARAE i 2 [E] 4E
SE RS Y HORIETR TR B, Nie S50 51 A 3 A
TRZEAREARTTEAY = 4E it BRERE | i STOF A e 2
FARL AL

T BB H AR5 S T I A 2 60K 5 = 09 4R
ST R R TR A 5 BB % 6 1A R A s AR A T 5
5, IR Y — b 4 SRy I RT3 0 RIS R AT B AR 23 51, X A
SE R PUN S HERE , SERARPLEIbRE . 380, T /b
T AHPLSEO T ok i =2 (5 185 U8R B Z My iR
2 BRI T R RS R AR S I A b £ 2
HRREL, AR IRE S H, BRI R A H IR AR AL
28

1 BRBEVRERE

fEGEmFFE A IA , fa IR AH ALY B A5 3 2 AT 3 R A Bk
T2, LR 2 M W A8 e 1 ] bR 48— AR RS 7R n L 4
TR0 AT T 5 A A R AR BIL B R R R S AR A
RS R ARHIESE LAZ R R BT A B R b
BRI T, R e s a L E— Ak

FROE S P ORI R A PR T AR R S — 25,
iy T RSk 1 AR R, A B 2k 2 fa IR G % A
s, 2 10 s 150 7 2 R A5 T 4 B3 50 I [ >
R T SR AR BRI G 43 (R I 5 8, AR B B — b
4 Jry A S G GHEA TG, AT B G B AR AIE

FT 4 Ry I (B ARG 152 B A P T e 4R BV 1 2P
BEH .

1) ¥k BRI 0 IR BE Gl L(— BN L =
256) JRBEFME IR Ge it R B B B AR SR BEAE S i 1Y)
BENBN,, BRGRNEBN N =N, + N, + N, + - +
N, IO BE G K FEAR @ PR R SR B A 232
p. = N/N G20 BIE T, .

2) K BT EIRESE T, 7 E Q,, F1Q,, BiHE4Y,
Forpn RFERREL, 5 KEE T E T Q,, #1Q,,
P R BE 388 e, o, VAT 22 03, o, TTETTIE
k(D) M (2) fis,

T
S Pi
My, = 2 L
i=0 n
Di
(1)
L-1
. Pi
Mo, = z L =0
i=T +1
n 2 .
=T +1
TVI
Zpi - (1 _:U“o)z
2 =0
a-ln - 1‘n
Pi
i=o
L1 (2)
pos (1 -p,)?
2 i:7'n+|
U-Zn = L-1
Z Pi
L:T”H

3) il T AL R IENR ¥ 0K BE 107 P S XU 43 A > i



5511 40

XSC 5 A5 BT R B 5 2 20T 55060 B A IRA LR & 255

DA DUARPE YIME w,, sy, VAKTT 22 0}, o, S35 UG
Q. Al Q.. ¥ 23 1) e 3 o3 A Ny (my, 90'?,[) Vo, (1, 5
oy, , WHEAR .

X — . 2
ful = exp(—(z’ﬁ’")),i:l,z (3)
o, Ty

O RPEE AR Q,, M Q,, PITha 44 (R
R, T A S AP ME 1, o, [RIAF
FE—ANIRIEE x, , B P = 43 A AR 2% T (EAH 4
PRIHTE PIA YIE (e, by, ) ZTRDHEAT 38 7 48 2R 34K e 1
BIME, 24 £, (x,) < fo,(x,) BF, USEEA3 7 30 (%) de A B0
K, AT, =x, MR T, -7 [< 1, W EER,T,
RIA 4 ey e AR AL, 75 ke 252008 2)

5) AR AEBIE T, KK MG T — Ak, e 248
B PRI [ 0 3 4

H1 T MG AR (4 777, A 2 (5 A 5200 AR R 5 [ 1y
JEOHATEXT RS s B — B BB IE, WhRsE
M A B B AR X, = (X,,Y,,0) ", R
R, MZA AT — 5 P, #R N

P(p,w)=(X, +psinw,Y, +pcosw,0)" (4)
F S0 9 7 ORI, B A IR (R 500 m g

R 2w
A jwﬁ A(p,w) |det J(p,) |dodp
m:

o (5)

jofo ldet J.(p,w) |dodp
2. J(p,0) N BHERT ELATHN S 38 o X PR BOK A i
LA ST ALFR

2 BMAEEAREHLARNESAREHY
HaERBIS ML

FEG3 N IR AR LI AT 50 B bR 8 Z 5, 13 3 22 AR BIL
WSS HUERF p, AP S B FEFE R, V- F44H
Vi ¢, ATRRBLIA B S EOE I p, FA7 ARBLONR S BOiE 5% JE
M R, SFREHERE ¢, AR RS H AALEIRI IR S8, SR
A HRAHBLA AR XS A7 8, B

R =R,R/' (6)
t=t. -RR 't

o, R e AR AT IR ARHL AR bR AR T 70 f IR AT
BLAL AR 2 0056 FEL W 5~ B8 ) o, ol T RS M 75 1) A7
e, it 2 (6) THLHA R ¢ MBUE I AR
J TR bR E S R RS RS B T A AR S Ak
Trib—2B it 5, AR T AT = 4 o At [ F
FRES T J7 R, AT LIS B0 EE 1 AR 22 eR A HD

Joo= 2 X Iy = dCmg,m,) |? (7)

Horp, L, g R BUE R E W1 R i e/ MRl Rg

my, A m, JETEARE AR b 38 3 K- A 7 ) S B T
SEH A A AR RFAE 5, LU, AR Al L LAy BB, wf LA
(GEIP

N
J. = ; 2 (d(mnl,ij 7ETmnr,i,j)2 + d(mnr,i,;' 7Emnl,i,/'>2>

(8)
Hrp, d(A,B) 13 A,B T & 2 A iy JL ] BE 25,
myym,, ARFRES IR AN VCEC X, E & n] LUK
B B W PRI ZR ARG 3 % 3 AR T 4,
KA 5% Sk 1 W 72 5 18 8 O 1A B S A O, R O
AT 14 1 75 I 72 e P 10 R A o AT R AT
P AR SR A n , S T BB AR TR AR 1R 22, R Ik
A BB G AT I AR AR T —F
fil A TR A LR R ) 2 A F Ak R BT A 7
A RS TN se e, BT ST A Ak B f 5 X R =
Y7 [ B 5 R A i DAk, 78 BRI SE BRER BT ZR 1Y
) A, 7543 AR B S8k T iE— 2 1 Ak, 32 R AR BL
HIbRERE B
F T R BT Sk (4 30 20 4 WA B K, DR e R AT A
AR DA SR 22 S 198 v ) 3R 43 R AE 5 0 Sl SR, X

b 1 P AR T A 0 2 30 = 4 43 =
ST T L3 = e T 5 T 3 = 2 A s
LR TR WERRAE ST IR AR R iR 22 s8R
]

Jo=33 lab, " (9)

i=1 j=1

Horb, a, FoR58 i A EURBOEE j S FRAE R A0 =4
SR AT AT A b R ER i AR
I S (TN O Syt = = S 1= 1 Ny e s = Y
i, LR DI IR A — 3 A E G Y
ST HTES B N = e N A Lk b LA T
FCPTAEAT IR P8 = 2 T 5 A 2R L, PR IR 22 sR AT
FoRH .

=3 3 e X ) g

(2 = %) |

Hr, p, FRE i AR TG HE § S RHE
Sy X, TR AR p, A TR ATk R 51
WERp, FRIER . K (7) ~ (10) G5BT, 4435
TR (1) PR,

J=J, +Ju +J. ], (11)

T B EAL R B & T 28, L R 5
WEAM Y 2, B 70 B0E 2R 25 0 2 0 3R B0
4 1,2K A Levenberg-Marquardt 353 #4720 T B 244,
I3 3 S A5 A0 R A AT IR i E AR R (B /)
b, B A B SE AL S B

i=1 j=1



256 & L £ ¥ W

3 SRR

TR A WE 1 R, RS RER. WA
NM33-F B HREEAG Sk, 73 BE AR T4 640x480 ;686 mm V-1
T 8 2 0 SR TR A 4 PG A A £ AR A
B, P bR e P Soh SR 66, 1 R 181 48 LA A [ BE A HE
ATE TR b AR R 28 B SEBR R S5 0 BER Y
o], 3R T 22 8] A B 28 Ok 29. 452 6 mm, R [ 222
RERST R 11,044 8 mm,, A A7 S HREESK [RIET AL 11 A
6] 7 B A B G
3.1 &REVRIMNSERIKE

T ICTE IR L 35k USRS R A X 38, 7 5256 v 4k /]
FEEHOxT bR BTS20, AEARBURRIE 55 2 )5, MK
551 AT B IR A ALRR E 7o B R A A A

TP
*
hd
&
.
=

11

K1 slwilsra

Fig. 1 Experimental equipment platform

BLESN NS B, FF RIS 2 B0 43 1) 2 0D A B sk
— PSR, BAPELSIRINER 1 PR,

®1 SHRELER

Table 1 Parameter calibration results

e Je A HRARAL AR AL
(m,,m,) (133.266 8, 133.086 0) (131.827 4, 131.830 6)
(g ,v0) (318.700 6, 241.244 4) (318.707 1, 241.239 8)
(ky o ky) (0.940 8, 0.023 8) (0.9439, 0.024 2)
(k3 kg ks) (0.010 3, -0.000 6, 0.000 5) (0.012 5, =0.004 1, 0.002 2)
R (0.999 4, 0.032 6, 0.003 6; —0.032 6, 0.999 6, 0.001 8; —0.003 7, —0.002 0, 0.999 9)

t

(-47.9394; -3.4897;2.3877)
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Table 2 2D reprojection error for different methods
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Table 3 3D spatial error for different methods
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Table 4 Test picture error for different methods
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AD &K E/mm 293.6651  296.4214 293.552 1
W2/ % 0.2922 0.6326 0.3306
BC M B/ mm 295.322'1 286.255 5 295.533 1
R/ % 0.270 4 2.808 0 0.3420

it SR T LA B, A SO R R A R 22 BN T
Wang 7775 H1 Kannala 773, iEBH T 1% 77 74 7T LA 850 ik
= s )R 28 AR ZE 200 0. 28% KT 0. 3% , i —
AU T B bR e R

4 & &

ABFFTHE T —Fh X H AR ALY N S S5bR € K
TR . B, R AR B S ORS 6 oK Hh A e (3]
BYRRAE S5 R, O T8/ =428 R b iR 22 TR 24
R LA At T 5T I AR MR 2900,
TS AL AL BRI R Levenberg-Marquardt £ L35
PATEARAVL BRI S5, SR 25 R % ]



258

O M x #

#H Faetk

PASEORS R AR 2 X H f IR AR BILAG 2 80, S0k 1 7k i A
R Horp T HE B RO ARZEM AR G T 1 I 30% AL,
YR 22 AR LY 45% , K TR AR F B R 22 AR T

0.3%

AR E WLSE R G0 5 2L R S it TR R S

B
&% 3k

(1]

(2]

(3]

[4]

[5]

[6]

(7]

(8]

JIAZH Y, YANG J H, LIU W, et al. Improved camera

calibration ~ method  based on  perpendicularity
compensation for binocular stereo vision measurement
system [ J]. Optics Express, 2015, 23 (12) . 15205-
15223.

SALAH M, AYYAD A, HUMAIS M, et al. E-Calib: A
fast, robust, and accurate calibration toolbox for event
cameras|[ J |. TEEE Transactions on Image Processing,
2024, 33. 3977-3990.

RRIR, fESK, EHFE, 5. TRk B B Ay
AR A HLbR 7k [T]. 404 5 30o6 TR, 2024,
53(2). 117-127.

XIONG K, HE X R, WANG CH X, et al. Calibration
method of fisheye camera for high-precision collimation
measurement [ J]. Infrared and Laser Engineering, 2024,
53(2). 117-127.

YANG L M, ZHOU F Q, ZHANG W N, et al. A novel
camera calibration method based on the circle projection
model[ J]. Measurement, 2023, 222(10) : 113651.
T4, T, B, % EF T FEEm s E w0
R EAL IR AGIN [T ] E O, 2022,49(21) - 98-
110.

WANG H P, WANG Y, ZHAO SH CH, et al. Quality
inspection of countersunk holes using binocular vision
with crossed laser lines[ J]. Chinese Journal of Lasers,
2022, 49(21) . 98-110.

ZHANG X Y, SHAO W B, ZHOU M, et al. A scene
evaluation method based on

comprehensive  safety

camera[ J]. Robotics and Autonomous
Systems, 2020, 128(12) : 103503.

e JL, Jrith, ZRARAR. T A IR AEMLIR G R A
RS I DTk [J]. WOLARK, 2024, 45(1)
211-217.

LIANG ZH F, FANG Q, LI W L. Chessboard corner

binocular

detection method based on fisheye
model[ J]. Laser Journal, 2024, 45(1) . 211-217.

ZENG R, ZHAO Y, CHEN Y Y. Camera calibration

camera hybrid

using the dual double-contact property of circles [ J ].

Journal of the Optical Society of America A, Optics,

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Image Science, and Vision, 2023, 40(11) ; 2084-2095.
DURAN O, TURAN B. Vehicle-to-vehicle distance
estimation using artificial neural network and a toe-in-
style stereo camera [ J]. Measurement, 2022, 190
110732.

ZHANG Y Y, TIAN K P, HUANG J CH, et al. Field
obstacle detection and location method based on binocular
vision[ J]. Agriculture, 2024, 14(9); 1493.

LIU Q, SUN K J, TANG X Y, et al. Camera calibration
based on lightweight fan-shaped target detection and
fitness-distance-balance ~ chaotic ~ marine  predators
algorithm[ J]. Optics & Laser Technology, 2024, 176.
110883.

R, B, w4, . 2L RN R iR A
LR ks B AR [T, e e, 2018, 38(11):
199-210.

WU J, WANG L R, HUANG M Y, et al. High precision
calibration of fisheye camera with single image under
multiple geometric constraints[ J]. Acta Optica Sinica,
2018, 38(11): 199-210.

BULB, HUO HT, LIU X Y, et al. Concentric circle
grids for camera calibration with considering lens
distortion[ J]. Optics and Lasers in Engineering, 2021,
140 106527.

CAIB L, WANG Y W, WU J J, et al. An effective
method for camera calibration in defocus scene with
circular gratings[ J]. Optics and Lasers in Engineering,
2019, 114, 44-49.

CUl Y, ZHOU F Q, WANG Y X, et al. Precise
calibration of binocular vision system used for vision
measurement| J ]. Optics Express, 2014, 22(8): 9134-
9149.

NIE L, YE Y P, SONG ZH. Method for calibration
accuracy  improvement  of  projector-camera-based
structured light system[ J]. Optical Engineering, 2017,
56(7): 074101.

LIU D, ZHANG R, ZHANG ], et al. Constructing a
virtual large reference plate with high-precision for
calibrating cameras with large FOV[J]. Instrumentation,
2023, 10(2): 1-8.

YUZY, SHEN G T, ZHAO ZH Y, et al. An out-of-
focus image calibration method based on accurate
positioning of concentric circle projection center [ J ].
TEEE Access, 2023, 11: 69216-69226.

MORU D K, BORRO D. Analysis of different parameters

of influence in industrial cameras calibration proces-



5511 40

XSC 5 A5 BT R B 5 2 20T 55060 B A IRA LR & 259

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

ses[ J]. Measurement, 2021, 171. 108750.

iHERR, MUEE, TR, —Fh Kannala #5575 (1) £ HR AHAL
PR kR T T]. VBB K& 3 4Rk, 2019,
39(6): 1026-1032.

ZHANG CH S, YAN L, YU ZH. A fisheye camera
Kannala

calibration optimization method based on

model[ J]. Journal of Xi’an University of Science and
Technology, 2019, 39(6) : 1026-1032.

KA, FEETN , H A7 ok, B HR B Sk A8 ) W AR 19 AL E
TR, XM ERR ,2017,38(4) : 1014-1023.
SONG Y, ZHOU Y L, ZHANG Q ZH. Correction
method for radial distortion of fisheye lens[ J]. Chinese
Journal of Scientific Instrument, 2017, 38 (4): 1014-
1023.

RONG L, ZHANG Y ZH, GE L, et al. Uniformity
optimization of galvanometric illumination[ J]. Optics &
Laser Technology, 2025, 181. 111665.

HAO Y N, TAI V C, TAN Y CH. A systematic stereo
camera calibration strategy: Leveraging latin hypercube
sampling and 2" full-factorial design of experiment
methods[ J]. Sensors, 2023, 23(19) : 8240.

FRYER J] G, BROWN D C. Lens distortion for close-
range photogrammetry[ J ]. Photogrammetric Engineering
and Remote Sensing, 1986, 52. 51-58.

LIU Q L, DAI G Y, DONG M L, et al. Camera optimal
projection model identification and calibration method
based on the NGO-BA architecture[ J ].
2024, 63(3) . 793-803.

KANNALA J, HEIKKILA J, BRANDT S S. Geometric

Applied Optics,

camera calibration[ J ]. Wiley Encyclopedia of Computer
Science and Engineering, 2008, 13(6) . 1-20.

ZHANG X W, LYUT G, DAN W, et al. High-precision
binocular camera calibration method based on a 3D
calibration object[ J]. Applied Optics, 2024, 63(10) :
1-16.

RHE, Pk, TL30W, 5. T2 B 7 7k

PROZEEI BT )], XA R R, 2025, 46(4)
218-227.

GUAN W T, LUO Z, JIANG W S, et al. A stereoscopic
target position measurement method based on multi-
of Scientific

camera vision [ J |]. Chinese Journal

Instrument, 2025, 46(4) . 218-227.

[29] WEI L, HUO J, YUE L. TIterative camera calibration
method based on concentric circle grids [ J]. Applied
Sciences, 2024, 14(5) . 1813.

[30] WANG Z ANG, LIU B Q, HUANG F Y, et al. Corners
positioning for binocular ultra-wide angle long-wave
infrared camera calibration [ J ]. Optik, 2020, 206:
163441.

EEE T

XK, 2023 4 FHEAKFIRIG A
(O E ATl o2 i R e S =2 1 1
6] A ARBLERE L SERAL
E-mail ; whliu2000@ 163. com

Liu Wenhao received his B. Sc. degree from
Yanshan University in 2023. He is currently a
master student at Yanshan University. His main research interests
include visual perception, and camera calibration.

R CGEASIEH) , 2005 48 Tl K4
RAdr o, 2008 4 THELLRSAARAGAN 1
AL, 2017 AF T LR AE AR 1 2, B
\ G LR 27 e AR e ) TR
5 I BRI 1 A LA T
RESRT A,
E-mail ; tsong@ ysu. edu. c¢n

Song Tao ( Corresponding author ) received his B. Sc.,
M. Sc., and Ph.D.
2005, 2008, and 2017, Respectively.

degrees all from Yanshan University in
He is currently a
professor-level senior engineer in the School of Electrical
Engineering at Yanshan University. His main research interests
include visual perception, embodied artificial intelligence, and

digital twins.



