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Abstract: The complex of traditional calibration operation and difficulty in processing calibration reference
object may lead to low calibration accuracy. To address these issues, a hand-eye calibration method was
proposed by using registration for constrained contour point sets and 2D laser scanners. It was formulated
by a planar right-angled triangle as a calibration reference object. Firstly, the calibration idea of the regis-

tration method with constrained contour point sets was elucidated. The calibration process was then intro-
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duced based on the designed asymmetric right-angled triangle reference object. Secondly, a constrained
point sets registration model was established with the contour information of the triangle. It utilized a
coarse registration method by corner points to narrow the spatial search range, followed by a precise regis-
tration according to the constraint relationship between feature points and contour lines. Finally, an opti-
mal solution to fit the contour feature was obtained by the covariance matrix adaptive evolution strategy.
Besides, the profile loss error evaluation criteria were introduced to assess the performance of the calibra-
tion results. The first calibration experimental results show that the average profile loss error under 12 ro-
bot pose combinations is 0. 084 2, the average fitting deviation of the reconstructed sphere diameter is
0.018 5 mm, and the maximum projection error of the sphere is 0. 065 mm, which indicate fine calibration
stability, efficiency, and accuracy. The second experiment is carried out with three different poses of the
calibration object. The calculated parameters are used to fit a standard sphere, and both the diameter fit-
ting deviations and the standard deviation of projection error are lower than 0. 1 mm. The mean standard
deviation of the fitted spherical center coordinates is 0. 101 mm, lower than the 0. 148 7 mm obtained by

the one-step method. It indicates high robustness, efficiency, and versatility, which can meet industrial

calibration accuracy requirements.
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Fig. 5 Calibration experimental platform and laser profiles



58 Xl

B, A <V T Y 249 SR 2R HR G A AR TR E 1) T R AR E T Tk 1305

FE ZBUE . CMA-ES 54k (9 2 B0 46 1017 Bl
mFE 1R

®1 CMA-ESHIBUSE
Tab.1 Initialization parameters of CMA-ES

ZH (AR GEIRE()
[m] L 44 B N 6
AARK 5
FHREE 9
wH LK o, 0.5
e R EAR IR B 1000
WA () m,  [0,0,90,169.296 45, —46,110. 95]

4.1 AENNBAERSHETIRENLEE

W FE R A N A B X b 7 5 38
i X LA B A 4 T IR BR o2 S 806 R LE, PLE
FIbR e BR ELAR 0L & 22 =T384, R PEA % ik
PEBE

e KR e S B KO CE T AL N TAE

25 [6), an &l 5Ca) i, Rl FHAIL 2% 5 6 4% I 2%
R AN E S B R HHS R, 2R AR 5 2H H AU
B A 3RO R HLas N B A LLEI 5(b) h 3
A7 AT A MRS T HA 1042 B
JEEHE o ARG R R B 5 AR AR BOHE E AT 4
G A R BB R AL B, T A AR AL N A
N3N, M r=1,2,3, 40, X W B9 B E
SRR 3A 64 9124, e 2~FK 5 A
RAEZEAT 21 G T e A o 55 36 1) 37 45 3L, 3 2o
# = MR R IEM E bR LE 5 PLE SR &t fL AN
AN AR S HOR T bR e g5 R . o o AB
NI LERR R R LE,,, RN ABLEREKE S
T 228, [ B ACh 5 BC X} i LE 23
SIFRIA N LE, 1 LE 00

Hok, F ik — 4047 LE 55 PLE & Ak {4 94
i DX 8] 5 4 R B 22 D) X R 6 FR DU A5 BT
D LN AN S R T S O 7 1 I R )
38. 1 mm AYARHEER UEAT =4 F T ER AR At
iy 2 (Sphere Reconstructed Diameter Deviation,

R2 INMNBFANEBEETSHMNIRER

Tab.2 Experimental results with three robotic postures

Combination index LE,,/mm LE,./mm LE,./mm PLE SRD /mm
1 0.218 3 0.376 4 0.4770 0.3727 0.0935
2 0.024 2 0.068 3 0.0314 0.045 6 0.0308
3 0.076 3 0.0822 0.1347 0.101 2 0.0252
4 0.040 4 0.114 3 0.147 5 0.1102 0.022 8
5 0.097 0 0.036 2 0.1336 0.097 6 0.0285
Mean 0.0912 0.1355 0.184 8 0.1455 0.040 2
R3 NMHBANAGESHHELRER
Tab.3 Experimental results with six robotic postures
Combination index LE,,/mm LE,./mm LE,./mm PLE SRD/mm
(1,2) 0.074 4 0.080 3 0.116 7 0.092 4 0.0212
(1,3) 0.0912 0.091 3 0.166 4 0.1216 0.0133
(1,4) 0.1052 0.114 8 0.1750 0.1353 0.0352
(1,5) 0.096 2 0.109 8 0.1752 0.1317 0.022 6
(2,3) 0.0340 0.0277 0.0121 0.026 3 0.027 4
(2,4) 0.076 2 0.064 8 0.118 5 0.089 5 0.022 2
(2,5) 0.084 6 0.0114 0.087 5 0.070 6 0.0219
(3,4) 0.087 1 0.0655 0.140 6 0.102 7 0.0139
(3,5) 0.086 2 0.0385 0.114 4 0.085 6 0.009 0
(4,5) 0.098 0 0.067 5 0.1457 0.108 6 0.014 0
Mean 0.083 3 0.067 2 0.1252 0.096 4 0.020 1
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Tab.4 Experimental results with nine robotic postures

Combination index LE,;/mm LE,./mm LE,./mm PLE SRD /mm
(1,2,3) 0.0717 0.017 6 0.0754 0.0609 0.020 1
(1,2,4) 0.079 6 0.068 2 0.114 8 0.0897 0.0230
(1,2,5) 0.083 4 0.059 9 0.1180 0.090 3 0.0217
(1,3,4) 0.089 9 0.0700 0.1391 0.1038 0.0158
(1,3,5) 0.085 8 0.047 8 0.118 1 0.088 7 0.0159
(1,4,5) 0.0950 0.084 5 0.147 5 0.1124 0.0214
(2,3,4) 0.0757 0.0337 0.097 8 0.074 0 0.019 2
(2,3,5) 0.076 5 0.0137 0.082 6 0.0655 0.019 6
(2,4,5) 0.087 2 0.059 3 0.1254 0.094 6 0.0187
(3,4,5) 0.089 5 0.0512 0.126 5 0.094 2 0.010 2
Mean 0.0834 0.050 6 0.114 5 0.087 4 0.018 6

x5 RAMNMFBANEEESHEIHER
Tab.5 Experimental results with twelve robotic postures

Combination index LE,;/mm LE,./mm LE,./mm PLE SRD/mm
(1,2,3,4) 0.078 6 0.042 4 0.1014 0.0780 0.0194
(1,2,3,5) 0.0799 0.034 2 0.098 3 0.0757 0.020 2
(1,2,4,5) 0.084 0 0.064 8 0.1207 0.092 8 0.0211
(1,3,4,5) 0.087 1 0.054 5 0.122 4 0.092 3 0.0149
(2,3,4,5) 0.0830 0.040 3 0.108 5 0.0823 0.016 9
Mean 0.082 5 0.047 2 0.1103 0.084 2 0.018 5

SRD) . @R 4 48 28 I 2 508 , 2% 6 X
BAFRFELEL

®6 MERERMNSARSSRFAR
Tab.6 Robotic poses and dataset number of reconstruct-

ed spheres

Robot Postures

Dataset number

Rx/(°) Ry/(*) Rz/(°)
180 0 0 12
180 0 45 12
180 0 —45 12
180 0 90 12

L4 BT 2% 2 28 2% 5 U TR 3 RO [ 4L
AP N BB ThRE B, IR R br e &
FEAEZS . BEE LB, &KX R LE
B PLE BI{E FbR AR B AR i 2 (5 4R 7 AS Wik 2>,
HAPLE,, ¥ {E M 0.091 2 mm %% 0.082 5 mm,
LE.. ¥ {H M 0.135 5 mm [ 2 0. 047 2 mm, LE,,.

KM M 0. 184 8 mm [ % 0. 110 3 mm, PLE #J{4
M 0. 145 5B % 0. 084 2, SRD ¥J{E M\ 0. 040 2 mm
M2 0.018 5 mm, ik =M 545 2 T FEk
S R B, S 1 25 A 7E AS B0 /s, O B 3 K 4
RARZE RO G DR 25 5 Bk AR i 22 38 2 B BIE
POE 6 BT R o A RCR R 9 M 12 8], PLE
55 SRD 19 3% ) PR ¥R T 3% 2 3R 3 i X A,
Ul W R A 45 R A B R e S B %
PR, B SR A B T R e M Re . D BE—
AL PLE B9 8 B FR A A 41 4 PLE
3 S e A1 o 1 O E o (0 (O R
97.5%, Jir 5K b BR 43 % &y 0.166 2, 0.097 2,
0.087 6 F10. 084 3, K K T-1Z - FRAE f 45 o 25
S AT B R AT AE B 1 6 i b R #E AT
THRIE

Jy— i, B T g TR A B AT PLE 4>
{5 SRD [ XF W G & o Bl 4 b 8 A H0R 11
B, SRD 2 8 SR T BE R ¥, 4 PLE i fk
{43 A #E [0, 0. 151 X [a] Y B, SRD ¥1IX F 0. 04
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Fig.6 Comparison of evaluation results with various poses

0.1

s = e =2

008 * k3 v k=4 iprp—q 5
~0.06F SRD=0.04
=4 1
B P e oo

L L e. }1 °
0.02 fo. !
0 1 1

02 025 03 035 04
PLE

7 PLEj SRD Z [l 43 fii X %
Fig.7 Distribution of PLE and SRD

0 005 01 0.15

mm. X UEWIFE YT A BT IR bR e 45 2R
XF N () PLE BEIG , b 52 5 S5 00 A1 X6 A% BE 7K SF- 3
S, AN R R 8. B5RE
Mr B A b o2 45 A 40, PLE 5 SRD 2 6] Jf R~ £
FE T K 10 H A9 56 R, BRI HE 00 £2 38 19 PLE 1B X

SRS o X Ul B AE A B G N bR A A R B
Bl bk PLE S4B (E 8/ B bR 2 45 28, 7 LA
ARAT TN AR E P SE 0 A A B T g e T LA
BE .
KTHETRSPEHAGLEES T TR E
Z 80 5 B fE 22 (Standard Deviation, SD) . H i,
WR 37 £ e K BRE22 R 0,099 8°, B 43 1 e K bp
#E 227 0. 080 6 mm, i B i 20 b o 45 2R B A 3 4f
M tEE S B . Sk — 2P bR E T Y
A RCPE TSI S RS B kRO R,
B S A AR 2 25 0 A X R SOk BR T 4R
&= 7% (Projection Error of Sphere, PES) , ¥ fig X
e g 0 o i AE BRI B AR L. R84
T PES M KAE CFIIME S bR 22, B 8 W3R S
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Tab.7 Calibration parameters with twelve robotic postures
Results (1,2,3,4) (1,2,3,5) (1,2,4,5) (1,3,4,5) (2,3,4,5) SD
/() —0.2587 —0.2812 —0.3158 —0.2690 —0.2392 0.0255
/(%) 0.106 8 0.116 0 0.099 0 0.1232 0.124 9 0.099 8
/(%) 89.884 5 89.8709 89.890 4 89.888 9 89.879 8 0.007 0
£,/mm 169.081 9 169.1525 169.257 7 169.099 9 169.017 0 0.080 6
t,/mm —46.162 3 —46.2010 —46.1311 —46.2106 —46.2204 0.033 4
z./mm 111.824 2 111.8307 111. 864 0 111.7800 111.790 1 0.0301
®8 MAEKERERERE
Tab.8 Standard sphere reconstruction outcomes and errors
Combination index Reconstructed SRD PES/mm
diameter/mm /mm Max Mean SD
(1,2,3,4) 38.080 6 0.0194 0.2654 0.0803 0.063 2
(1,2,3,5) 38.079 8 0.020 2 0.2679 0. 080 6 0.0639
(1,2,4,5) 38.0789 0.0211 0.2749 0.082 1 0.0650
(1,3,4,5) 38.0851 0.014 9 0.2592 0.078 5 0.062 5
(2,3,4,5) 38.083 1 0.016 9 0.2579 0.078 5 0.062 4
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Fig. 8 Illustration of standard sphere reconstruction
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Fig. 9 Comparison of triangular contour reconstruction results
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Fig. 10 Performance comparison of different algorithms
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Fig. 11 Calibration reference object scan in different poses
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Tab.9 Sphere reconstruction results in pose 2

(d) FRHEE )

(d) Inclined pose(side view)

Combination Reconstructed SRD PES /mm

index diameter/mm /mm Max Mean SD
(1.,2,3,4) 38.1127 0.0127 0.216 6 0.073 2 0.056 8
(1,2,3,5) 38.1313 0.0313 0.2445 0.0734 0.0590
(1,2,4,5) 38.097 9 0.002 1 0.2518 0.077 1 0.060 4
(1,3,4,5) 38.114 5 0.014 5 0.2434 0.072 2 0.058 7
(2,3,4,5) 38.1214 0.0214 0.2283 0.0740 0.056 8

F10 EEITHRERHNEEER
Tab.10 Sphere reconstruction results in pose 3

Combination Reconstructed SRD PES /mm

index diameter /mm /mm Max Mean SD
(1,2,3,4) 38.0737 0.026 3 0.2870 0.084 9 0.067 3
(1,2,3,5) 38.0713 0.028 7 0.280 6 0.084 8 0.066 7
(1,2,4,5) 38.086 1 0.0139 0.2400 0.0756 0.062 3
(1,3,4,5) 38.0712 0.028 8 0.277 8 0.0839 0.067 2
(2,3,4,5) 38.0512 0.048 8 0.3449 0.096 3 0.0800

HAM KA W22 4 0. 048 8 mm , BRI #5217
P B KARUEZE R 0.08 mmo DA b 25 (8 2 AE
SRORNEZ Y ECES TR, BN T
0.1 mm, iy 15 22 3 330 Bl B/ Ul AR O7 4%
B 1 b E 25 A 58 IUAS 8 4 1) b v BR A 25 2 T
ARk R 2 BE W 4 A 8 2 S 5k KT B A R
B e G i B 0 A A 2B R T O R AR
T BB -8,
4.3 IKOLIRPE I LKL

k2P R T R AR AR E MRS B

P BT 4 FPHLAS NS5 R AR 16 41w 1 BR 52 i £k
B, R JE R B oK i IR AR E S 8 %
T7 i bR E 1L AR O - e 2O R
W 22 1 BR A 59 9 A 5 2 T KOl 2k T RO
H TR SIS I A [5J] 3 A (8 S A 5 R
B TR BRI TR AR R A5 2 18] A R
Bk B AR AR s U, AL AL A S
5 8 B 2R R B0 7 L A M — P ST T R R
TR 20007 1 s Jee e, M e/ 3R W oR % U5
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Fig. 12 Fitting experiment of spherical center coordinates
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FoE Pk 5 AT R
4.4 IRERBEXLLEE

T TN A JE T A A G B A BT T AR O ik
L VE bR E NG I o B 5E, B T bk ok 4
19 16 ZH A o BR %S B0 BCHE L DA Bl AL Al B 8 2 58 B
Bl , R 10K AR 1 10 40 T HR Ax 2 B %0, F
X b A5 R A 0 B A AR S IR R
JE R EER S AT A, R 1L AR 12 W

SR . X 5 AR 11 v Bl vl A, ik Jy ik
KB PLE S48 F1 4% 341 LE S 8K T 20 45 A5
Bio Hrb PLEYMEREAR T 0.141 9, X H#ES,8
FER 12 A BOHE W g0, T R Oy vk AE 3 A Bk Y
SRD ¥ 4 0.018 5 mm, fi& T B 2 b5 & % 1Y
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Tab. 11 Triangular contour reconstruction by one-step method

No. LE,,/mm LE,./mm LE,./mm PLE
1 0.244 3 0.456 3 0.584 3 0.4507
2 0.260 5 0.1858 0.397 3 0.294 5
3 0.101 5 0.030 0 0.1520 0.106 9
4 0.1150 0.037 2 0.1958 0.1329
5) 0.1342 0.081 5 0.186 0 0.140 5
6 0.122 1 0.2614 0.1849 0.197 8
7 0.1817 0.303 2 0.379 5 0.299 4
8 0.1438 0.2013 0.3353 0.240 6
9 0.2380 0.2952 0.4517 0.3405
10 0.006 8 0.070 6 0.068 7 0.0570

Mean 0.154 8 0.192 3 0.2935 0.226 1

®12 BIREXREERERS

Tab. 12  Standard sphere reconstruction by one-step method

SRD / PES/mm
o mm Max Mean SD
1 0.0487 0.4543 0.1326  0.1028
2 0.0539 0.4369 0.1172  0.0877
3 0.0047 0.2298 0.0732  0.0570
4 0.0223 0.3021 0.0923  0.0670
5 0.0895 0.4043 0.1163  0.0871
6 0.0746  0.5328 0.1542 0.1246
7 0.1398 0.5506  0.1739  0.1317
8 0.0420 0.3242 0.0843 0.0704
9 0.0475 0.3839  0.1195  0.0898
10 0.0319 0.3204 0.1029  0.0799
Mean 0.0555 0.3939 0.1166  0.0898

0.055 5 mm; ¥ — 4 XF b PES 1 fi¢ K AH L 2 {8 A
P o 22 AT AT, 26 8 R I PES B AOK - KT
B AR E . HOR, FIH 16 21 bR vEER 5 B A 4 R
M TR ESH BEEEM AR ESRY
L, PLEfH A 0.102 5,SRD 4 0. 113 8,PES
1) Fe KAE 4 {E Rl 1 22 4303l 4 0. 354 3,0. 103 5
100819, ¥ @ FERSMEST XN AL, Z7H
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