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Abstract: To address the high-precision calibration demands of telecentric imaging systems and the inade-
quacy of traditional pinhole models, this paper proposed a high-accuracy camera calibration method that in-

tegrated subpixel edge detection with illumination error compensation. First, an improved Gaussian inte-
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gral curve fitting algorithm extracted subpixel edges of circular calibration targets, with center coordinates
precisely determined via weighted iterative least squares. Second, a system magnification equation was de-
rived based on the telecentric model and rotation matrix orthogonality to resolve extrinsic parameter sign
ambiguities, accompanied by a disambiguation strategy. Subsequently, radial, tangential, and composite
distortion models were constructed and evaluated for characterizing telecentric lens distortion. Distortion
parameters were accurately estimated through Levenberg-Marquardt nonlinear optimization. An illumina-
tion error compensation model dynamically updated correction parameters within the calibration pipeline to
eliminate edge offset errors. Experimental results show the calibration method achieves an optimal repro-
jection error of 0. 059 pixels, with measurement errors within 1. 6 um for CMM probe ball diameter under
15-28 light intensity levels after compensation, validating its effectiveness.

Key words: telecentric lens calibration; subpixel edge detection; weighted iterative circle fitting; compen-

sation for light intensity errors
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Fig. 1 Schematic diagram of double telecentric imaging system
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Fig.2 Diagram of the telecentric imaging model
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AT R BE S o X T i AR R 2 oA 4k 15
9 AR (e ys) Y2, ADRE 15 7 o 2 1 R 2 P i /)N
T AL, I ARCEE LAAL EENAL SR 25 H bR R AL
E(A,B,C)=
minE;':lwz[x,ery,szA~1‘+ By+ C JF.(21)
X 2B R A T, A TR S ek T AR A
S. S, S, —(S,+S,,)
S, S. S| Bl=| (s ts) (22)
S. S, W —(S,.+S,)

A
B
C

Hip:A=—2a,B=—2b,C=d+ b —r
sfza;l W= Zw
Kz zm , NEHESER, a=
b= =T R 0,4
i,y ) B AT SEPEIE AR OC 3 A i 21 4 AT UL 5

BRI 5k 22 e, = | (2, —a ) +(y,— b) — 1,
AR 41 5% 25 /N TR A

A d =

XB.p=[A.B.C]

(1—(Z ¢y, ife,<o
w,= o s (23)

0 , otherwise

Zmedian(le)
0.675

., %88 & &%
diag(whw.‘z» “.9w/1)l'§lﬁ

Hrpo= o JH T 42 il A 2 Dl ) 1

(A S T R
AU, HLA U6 A 3
Oy BLASEXF A R L 25 B R R R AR U R T i i
SR A kAR

4 EBIEL AT

FRAT A VA Windows 11 #ER G T
K H PyCharm 2020 - {5 523, i {4 2445 4 Intel
Core i7-12700H 4b ¥ %% .16 GB N A7 .

PR DN i 2% 8 R0 A6 465 < 9 BRE B 5 120 pix-
els X5 120 pixels T B CCD 2 A AL (5 2 R~
2.5 pm, 1. 17800 ), B 0 B Sk (53R 0. 634, B
A8 <0.1%, TAEBE B 45 mm, 5 ¥£ 2 mm) , LA &
g% 0 3 0 F- 4T 6 TR (PWM 255 e ] 3/, 5 V it
HL) o A5 AR FH 9 X9 81 B4 43 A1 16 B bk i, 18
LrEHE 1 mm, B/ H 42 0. 5 mm,

4.1 RFIRERE

A SR R AR T A 8 B Y
TEF-5

E S U L P FA R T 18 e B AL KR 7 A Y A
JE B S MG F 8 i IR AN 1 9 o L il i AR R
G AU A LG A 3% AR 4 B A o i, b s
PR R BT TR A2

BT A R, SR T R O vk TR ADoK i
W2 M ZA P ER IR ENY
7 R AE (RMSE) & 1k #r & 4 B, a1 =X (24)
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NS

¥+ (v, — v,

E= (24)

/ZZ(u —u;

N ,

b o, B o, FeORFESS G B R A T B Y 5 A

SLBIG AR AR 5o RN o 27 MR Al AR AILASS A R 45 5%
B R Aa bR o

AR S 560 T A AR E B RS B R SCH

H 5 Chen™ 1 Yu Duan"" /9 75 i #4774 H .

T EE R  IEAR S A Wk

A AE AR AR A, 2 8 OpenCV Y find-

>

JRARIEHRS

JFiERe  [RIAEIRT

FAEGS  FEEE0  REER)

FHER R

JFiREI B 1S

JFIREIERL7 [FIRE{518+0.1lmm

B9 h s B R
Fig.9 Calibration board image

TR 1 B E A BSR4 T
m#E1.

AL UL 38 0 B Sk A A T R b B AR OR
] T 4% Ge T AL A Sk ), v A8 oy e A%+ 9 g B
A FP IR ZE /N . A SO (5R 2) I 0 UG
TR R IME N 0. 634 70,5 Chen J5 (0. 634 66) |
Yu Duan 75 ¥ (0. 634 71) 45 & A7, 24 3% 38 55 3k
FRARIICR 2R 0. 634, A% SC IR0 5 UG 32 1 FH T
Chen J7 ¥ , 8 & 5% 1% 22 M 0.072 pixels [F =
0. 058 pixels(F 3) , by & K B 1o & 5 7.

AR5 ¥R 2 e A I 1 R 1 2 T R
10Ca) s, ¥ 7 il 22 2 1. 131 pixels, HE 5
% 25 Y R TG B Bt 4 18 10(b) B o SR F AR 1] +
AR B AR A IS L W B 10(c) 1 10(d) s ,

I8l AG I, A 5E 25 R

CirclesGrid b4 (035 ) , W42 36 B & BOPBRERUD. 0. 059 pixels.
%1 OpenCVE DRI (Chen5 Yu Duan)iZ 0ELIELER
Tab.1 Telecentric lens calibration results by OpenCV center extraction(Chen &. Yu Duan)
My 75 A5 1 m(Chen) H 1% 2 (Chen) m(Yu Duan) EAR# 122 (Yu Duan)
G Wy 2% 0. 634 27 1.332 0.634 57 1.142
(| 0.634 64 0.137 0.634 69 0.135
A2 1) 4] 1) 0.634 63 0.147 0.634 59 0.143
A 1) -+ R BE 0.634 66 0.072 0.634 71 0.071
= AR 0.634 65 0.122 0.634 58 0.128
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Tab.2 Telecentric lens calibration with subpixel edge extraction
2 AR (TC AR ) 1 1) i AR A 1)+ i) A ]+ AR BE = AR
m(EH0) 0.634 57 0.634 69 0.634 59 0.634 70 0.634 58
BRI ZE /pixel 1.131 0.130 0.131 0.059 0.113
. [—1.058%X107", [6.267x10", [—9.906x107", [1.595x10 ",
el A5 [ k1, k2] [0,0] . y ~ .
4.746x10°"] —8.380x10 "] —9.906x10 "] —7.941x10 "]
[—1.274X10 %, [—2.198X10 ¥,
Y w22 pl,p2] [0,0] [0,0] e [0,0] i
8. 64410 7] 1.14X10 7]
Wb AE g1, 92] [0,0] [0,0] [0,0] L ETAI0 L LA IO
TR B Mg 7222 5 , s s
A 3.711%10 ] 4.027%10°]
=3 MAARIEGRIA Chen FiEIRELS R
Tab.3 Calibration results of Chen’s method with the proposed circle center extraction
B Chen(JCHF4E ) 12 1) g A% 1)+ ) )+ W B = AR
m(f53) 0.634 28 0.634 48 0.634 52 0.634 46 0.634 52
IR /pixel 1.279 0.114 0.131 0.058 0.114
. [—1.047X10 ", [6.888x10 ", [—9.938x10 ", [2.220X10 ",
e my e AE [ k1, £2] [0,0] - - - -
4.6276X10°"]  —8.421X10 "] 2.894x107"] —7.980x107"]
A [ o1, 2] [0,0] [0.0] [—1.244X10°%, [0,0] [—2.183X10°%,
H, H] = 9 ’ 9 ’ -
PP 8.653X 10" 1.139%10 7]
. [—1.326X107, [—1.449%x10°7,
W mE g1, ¢2] [0,0] [0,0] [0,0] . .
3.759X10%] 4.108<10 %]
3.0
2.3
= h T;ZAO
B a
&- E15
s g
1.0
0.0 . : -
0 10 20 30 40 50 60 70 80
Circle center number
(a) R ELEIRE (b) KA S
(a) Unoptimized reprojection error (b) Unoptimized Euclidean distance
il 0.16
0.10 0.14
0.05 0.12+
= - g 0.10
s Q0 £ 008
= g
005 3 0.06
0.04
-0.10
0.02
-0.15 . 0.00+
-0.15 -0.10 -0.05 0.00 0.05 0.10 0 10 20 30 40 50 60 70 80
du/pixel Circle center number

(0 L MItfL/FE#EFRE

(c) Reprojection error after LM optimization

(d) L_M{LAL R ERER R

10 EHGE R I 5 R

Fig. 10 Reprojection Error and Euclidean Distance

(d) Euclidean distance after L_M optimization
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4.2 XEEERINNBKRERKIE

TEY) BB 18 2 2500, 1 S il 8 5 0~255 2
B PWM b 25 Lol A8 S U5 5 B S0 14 256 44
GG Y, SR AR A T JE T S 0 bR AR A
%o W), AR5 a2 15 0 B S ) B B AR S H A
B S BR R R AR R R (20) 5 AS TR D65
O B A A | Y 30 2o 6 1R 22 Bt N ) b
fdk . IR RRW X AME I R R ]
EHBAELMCR.

1L B T ARG 38 B T A9 4 2 & 4 A
Kk Zm /N el A M. oWz elA
B BLAY B R R L LG I RP=0.989 1,77
FRi% 2% (RMSE) 4 0. 032 3 pixels, flE A &k £ 1E 6
CRAR O BUE> SR VAR AP NE S g R N =
PRI 5 RT AR S B 00 e AR R 2 O T R B B S .
E RS AR B , AT $2 T 5 44 0 BR 250 T A I a5t o
B M R R G e
C=—0.000864 6%+ 0. 083 84xr — 1. 06. (30)
Horp oo RGBSR, C Rolsm b2 (pixel) o

1.0} e Data points .
— Quadratic fitting curve
---- Undersaturation threshold
- Oversaturation threshold
R*0.989 1 °

RMSE:0.032 3 pixel

= =
=) )

Compensation/pixel
(=]
~

AR AR O B A5 3R i B8 O 2R 43 B AT 0, kb £ i
RAE 15 BB AN TF I e b T, 2 67 52 5 IR
B AR T AE A2 GAb 2 RO M BE L IR AR
A S W Wb 9% |, 00 % K R HE I R R R 15
G5 42 953 R S8 R A5 o o R T LA
HH A G B OGTRR S ARG T 52 e B A 0 T
Tt o IBORM B i 4 R 3 R K G IRAR AR 5 | kil
T 22 F 1Y 15~28 94 X Ja] 44 O R A R
BTG T W SR ERKIE .

SRy 58 UE R T 1k B A AR L AR Sk A
Leitz A 5 W 5 ML AR 00 5 8K, b5 R 1542 53 51 K
1.5 mm, 3 mm X 5 mm, H 52 & H 2 4 9 K
1.499 4 mm, 2.999 5 mm & 4.999 4 mm. Ak
G K BR A 3 1R 22 5L AN B R IR 2, A
T 354 050 S A 1 52 1, AR SCOR TS B AR Al 3
YA JEAT 15 25 DF Al DT B £ 43 AT 04 7™ 8 1 5 kG
i

0.2
0.0
02 °|
15 20 25 30 35 40 45
Level of light source intensity
B s bl A i 2k &1 12 Aol £ 3k
Fig. 11 Light intensity compensation fitting curve Fig. 12 Standard stylus ball
F4 LERNEYNBKENES MEE
Tab.4 CMM probe ball actual vs. calibrated values (pm)
JGR
HZ
15 18 20 25 28
15 S AE 1 500. 865 1499.093 1498. 257 1496.925 1495.616
.5 mm
R A 1 500. 889 1500. 424 1 500. 393 1 500. 853 1500. 419
5 S {E 3000.471 2999. 143 2998. 387 2997.089 2996. 248
3 mm
TR 3000. 495 3000.475 3000. 521 3000. 996 3001.052
: S AE 4999. 877 4998.162 4 997. 566 4 996. 190 4 995. 491
mm
i M 4999. 902 4999. 494 4999.702 5000. 096 5000. 295
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7B E Ji 64 S 56 S 65 0 B oI B BR AT
G S (L 0O 55 D A2 I B 45 SR 0 4 TR .
SCHRAE AR LR A R BRE S A LB IR T
o't B SR B A A 51 SR 0 300 S 0 1w 5 1) Y i A% 1R
28 o TEFTIENA 22 A0 IEGR B D) N AR (E S
S Y (E 22 8] 09 d K i 22 I AE 1.6 pm N, B0 3
T T INEREE . HE, 00R 25 AR DT A AR LB
Py U RS A6z v B AT R G B 07 A S, T R
g R I 1 5K

% TR G878 0 UG 3R G e R E b o 5 0 4t
IR TP AR e LR ZEAME T . 1,
St A% 1w YD ) 0 A AR AT A A R, K
PEAR [ +- 9 b B8 ASE TR B 5% 1% 22 B I, 1 0. 059
pixels, Ay = K B A o B A . LR 8 A 3 R
W E Canny 5@ H AR A LA, LHTEER
G, 38 o WILS A5 450 50 5 M 7 0 W A
R R A2 IO A b o 2 — 2B A3 BT BB T 2
AL 52, TR A2 (B B 5 S0 I R < 22 ¢ 7 6
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