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A high accuracy and robustness 3D imaging method for
line structured light single plane calibration
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Abstract : The existing wired structured light 3D imaging system has the problems of tedious calibration steps and low robustness. To
address these issues, this paper proposes a 3D imaging method based on the single plane calibration of linear structured light, which
could achieve high accuracy and high robustness of 3D imaging. The 3D imaging method simplifies the calibration steps of 3D space and
improves the robustness of the system by constructing a single plane mapping model from the structured light plane to the imaging plane.
In this model, the coordinates of the corners in the checkerboard image are used as the control points for the calibration of the line
structured light plane, which improves the number of control points and reduces the accidental error. The model does not need to
estimate the internal and external parameter matrix of the imaging system, which can simplify the intermediate steps of calibration and
improve the repeatability and accuracy of calibration. In addition, the model does not need to calculate the center point of the light stripe
in the line structured light image, which avoids the influence of image algorithm errors on the calibration results. Experimental results
show that the calibration procedure of the 3D imaging method is simple and has many calibration control points. The robustness of the
calibration is high, the calibration average distance residual is 0. 158 mm, and the repeatability measurement accuracy of single point is
better than £1 pm.
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Fig. 1 Principle of line structured light 3D imaging
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light plane { 0-XZ/|

WK1, { O-XZ | 1 2 7 1) SR W 26 BL 4 Ak 88 L 1)
JEA O WEN Qo HITEEE M T 105 B4 b5 22 A
A BUEARR E R BN AR R Q, RIS S 24l M D' ¢
SERRAE S, Q,(i=0,1,2,-+-,m; j=0,1,2, -+ n) FELRZ
HEFIABFR R | 0-XZ| T IARR (2,120 ) N
0, TW X (5)

2, =W X j (6)

Holv, g Mz, S350 Q) AELR ST M JET 1AL A 3R
{O-XZ} 1Y) %,z 7] LB ARKR ;00 B ARG TS

FE SRR IE JG 1Y CCD BRI { 0-UVE Y U T 7]
A CCD A& I KSF 7 161, V 5 16 S CCD A% 1 58 T 7
], R A5 0" CCD BUGTH A2 AT, an &l 3 s,
it OPENCV #L8A% RN A s 5kt iE Q) TEm 2
KIE J& (9 CCD AR T | 0'-UV} b i % & 55 Ak A
(g vg) o

HI T Q,; ARGV AP 2R | 0-XZ | 1 CBEAFTE
L Q) REWASAZIE IS 1 CCD BURT | 0'-UV F i SCHEES
fERi, B Q; 5 Q) J&—— X i iy, 815w A8 AL TE 5 1Y
CCD &I | 0'-UV} B2 45 ¥ 611 | 0-XZ | 1 5
ARSI H A

X

h11 hlz h13
H = h21 hzz h23 (7)
h31 h32 h33

Horb by SRHERE H S AT, 58 ST R (i=1,2,
3;j=1,2,3),

RN H BT Q, M ARG i Ak
PRFR [ O-XZ | [ SCHERRAE 2 7 U AR AR A

o Yo, %0,
A=1yo, Yy Y0, (8)
1 N 1

Hr, A W95 Q, 5100 Q TE LA 56 Ih Ak A 3%
LO-XZ} (57 A hs, rT X (5) F1(6) A2,



182 % # AX

BT 0(i=0,1,2,+,m; j=0,1,2, - n) FEE AR
KEIEJG ) CCD BRI | O'-UV By CHASAE 5 55 R AL FR4E
% B,

00 o o,
B =lvg, - vy vy, (9)
1 e 1 e 1

Hori, B IS Q) 914 Q) 7EWEAS K IE R #9 CCD
AR | O-UV 5 YA b T ph M 11904 6

Yo T Ko, T Xe,, %040 Loy
= . X , “es ,
H=ly,, Yo, Yo, | *| Yo Vg
1 R 1 1 e 1
Y0y Loy Lo, Ugy, 77 U 4o,
v%o e UO,-’,- e v();'m X v%o e U(){j e v(),’""
1 D e 1 1 R e 1

RIS R S5 MG 1H | 0-XZ | bR AE
2.2 y EFTERE

y 18] 25 bR SE S A 26 B T 2R a5 #0618 { 0-XZ} /Y
D1l L n ASSFRIEE (BB TRESY k) 1928 [ AR 2 A
P(r=0,1,2,,n), WM& 1 Fimn, BEHE—% 08 E
FLP Ry WA P, By ARER y, A

y, =r-k(r=0,1,2,---,n) (14)

FFX14) e —A y MARE S P, AL E, BT
K (13) REHPEFTE | 0-XZ | BB MR I H 152
HIS y, X IR EEH T | O-XZ | GG « 5 2 Ak
b, SEAS [B] { O-XYZ | FRRAE , 58 s (8] = 4E R 5 Sl

3 FIER

SEIG 5% Basler 1 F Tk #H ML daA1280- 54 pm
[ CS-Mount ] ( 43 ¥¥3 .1 280x960; 1% 7GR} :3. 75 wmx
3.75 wm; 4 0 T 2K . 54 fps) A1 Computar Tk B8 k
MO814-MPW2 ( £ .8 mm (E4E) ; Y6l . T3l ) #4 1k
BAG R G0 R 26 25 K 6 6 48 R & K Osela 1
Compact Laser- 650 (I £ : 650 nm ) #F 17 2k 45 44 56 F
{O-XZ | WIFRAE 5y )28 [ A5 i >R T ABHT B MK R 5]
PR G MK600-1900, #2 7 fit B {7 35 55 T /4] 4
BN .

T S TR ST | 0-XZ | AR E S5, R
JEHEAT y 1023 [l bR T 25 B R A5 M 6T 1 | 0-XZ | R
FE 455 B A5 1] = 4 A% 550 SE
3.1 LEMXFEE|0-XZ) WIRE XK

Kl 5 RREHOETH | 0-XZ | 5SS bR iR A
J , WARAL IE JG B CCD BURIH | 0'-UV} ERIBEEAR KR,

e Ha2%
RO AR, R H R A TR B
T 12 -

HxB=A (10)

I H K (10) 24 Wi s iAo BY AT A

Hx (BxB')=AxB' (11)
H TR B x B" ol g X (11) AT 45
H=AxB'(BxB")™ (12)

A (8) L (9) A (12) AJ f B MR RE [ H

(13)

K4 BEOERREEIE

Fig. 4 Hardware environment diagram

Horfr MR SR A5 b 0 A 3 B A R A S
HHT71: [ opencv | THHEAY Q) 75 CCD & LAY AR R
4'{—:4'\/31411:% (u(){j,U%) . :/H\:ﬁ 523 /\o

0660060000000 0004

&4
2866664
000000000:.“.’..

K5 HLEEAK RS A A

Fig. 5 Checkerboard image and inner corner



5 10 ]

HLSERS DB RS B2 1 0 =20 mm , AR (5) L (6), 7T
TR AR A | 0-XZ| B RHERHE R Q,( 5 Q]
KR ) | Jey S I3 X 2 P A 6 R

W 6 Frs R 5 T LE (B R Q) 1E AR KL IE R 11
CCD LI { 0'-UV| i) A AR A7 5 (B . pixel) 5 AR Y
FRUEASKRALE R 5 Q) XHREAY Q, FELR AT A AR &
{O-XZ | B AR AR (BT .20 mm) .

HAE(8) L (9), WA 5 U AL FRFEFE A F1 B, LA
X (12)  (13) ,IHEAF R B R PEAS A R H .

3.062 550 913 233 381 7x10™"
-2.908 711 626 354 148 5x10™"
~4. 454 048 363 788 425 5x10°°
Bl 7 iR A TR R PR AR B H L Q) B Q, b E
B Residual Error Z5 R /R . 3T 523 MR E A5, 1T AT
3 x T br g PR 5% 2% x =0. 119 7 mm;z J7 AR
FEFHH B AR 2, =~0. 103 4 mm,
ARG R 2 R 2 T 5 X AT A5 S SR B AR 22 d =
X + 2 =~ 0.158 2 mm,

(0.00.001)  (0.00.001) (0.00001) (0.01.001) (0.01.001) (0.00001) (0.01,0.01)
. . . . o . .
(0.00,001) (0.00,001) (0.00001) (000001 (0.01001) (001001 (0.01,0.01)
. . . . . . .
(0.00.000) (0.00.000) (0.01.001) (0010000 (0.01.000) (0.01.001) (0.02.0.01)
. . . . ° . .
(0.00000) (0.00000) (0.00000) (0.01000) (0.01001) (0.02000) (0.01.0.00)
. . . . . . .
(0.00,000) (0.00.000) (0.00.000) (0.01.000) (0.01.000) (0.01.0.00) (0.01,0.00)
. . . . o . )

(-0.01.000) (0.00.000) (0.00.000) (0.00-001) (0.01.000) (0.01-001) (0.01.0.00)
. . . . . . .

& 7 Qi | Q; FREN Residual Error 2558 538 B~ E
Fig.7 Residual Error result partial display chart of Q7 to Q;
# 1 AARFER LRGN AL BR R | 0-XZ | bRETT
LB LR, ATLUE TGRS BE B R 8 R b E #Y
AT A A WA
x1 HREFENELE
Table 1 Comparison of calibration methods

ik BEAEC BRI (dyy)/mm

=B 6 0.247
2 AR 6~20 0.437

FATH T % >500 0.158

Ay G E EE A PRI R B SR N AR v (PR R
JO5F .60 mmx25 mmx9 mm,0 2% FEE 1 wm) HATEENH

2.364 733 534 923 565 7x107"
2. 638 937 877 995 469 2x10™"
4.213 329 843 687 086 8x107’ 1

WRIGEHE 45 . JE TR A5 MG T bR 2 1 3D G IR aR 183
(-11,6) (10,7) (9.8)
8 (-10,6) s (9,7 s
(-10,5) s (9.6) s (8,7)
° (9.5) ° (-86) °
(94) ° (:85) ° (-7.6)
s (84) - (7.5 N
(83) - (-74) - (-6,5)
° (7.3) ° (64) °
(72) ° (-6,3) ° (54)
N (-6.2) 8 (5.3) s
(6,1) ° (52) ° (43)
° (5,1) y (4.2 .
(5,0 o 41) G (32)

“ (-4.,0) . (3.1) s
4-1) s (30) s [&3))
. (3-1) s (2,0) .
(3-2) L] (2-1) s (-1,0)

6 0,50, FEAHCRE
Fig. 6 Partial correspondence graph of @, and Q}

—-1.719 670 251 280 464 2
8.675 979 855 519 036 8

SH, HILPEIN SRS AR AN 8 R

P B AR AL

K8 EEMEM SRR

Fig. 8 Repeatability measurement experiment process

HAET

PAFEHETIE A S % AL, 00 2 BEAE A 0 mm, [F L,
D FR B HFE R (N 9 mm, BN RS EREE 300,
55 800 55 1 000 =A™ 40 Sl A 70 d A o 2 1 v
S A S RS 0 DU B 400 YR 0 25 SR dn
9 7, R A A A 2 YRS, PN AR A X6 7 F) 437 T
PR A2 2 (L (B mm)

9.002

9.001

9.000

300 AR F BEVI B {H/mm

8.999
0

100 200 300 400
B R
(a) 300 15 FE WU Bl 22

(a) Measurement curve of the 300th point value



EE O B4

184 % X
9.001
£
£
o
]
=
i
#E 9.000
&
«
B
_Lm
[=3
2
®
8.999 . . L !
0 100 200 300 400
PR
(b) 800 £ JBE EL W B i 2%
(b) Measurement curve of the 800th point value
9.001
£
£
o
i
=
i
E 9.000
“
I
i
(=3
S
®
8.999 L L L !
0 100 200 300 400
iR ¢4

() 551 000 15, 7o 1854 00 £ o 2%

(c)Measurement curve of the 1 000th point value
Ko EA M 2 K

Fig.9 Repeatability measurement graph

222 4350 8% 300 56 800,58 1 000 =AY S
RS STD 45 3B,

*2 HESHREE
Table 2 Mean and STD mm
W= brifE 2z
25300 A5 9.000 198 866 875 206 0. 000 267 413 603 591 144
25800 5 9.000 240 826 173 567  0.000 178 406 036 445 285

251000 % 9.000 216 281 204 164 0. 000 228 008 456 526 444

55 300 A AUHAZE N 9. 000 198 866 875 206 mm , AHXf
TEAHBRZE 0. 199 wm, W EARAEZ STD K 0. 267 wm; 5
800 A HYHAEEH 9. 000 240 826 173 567 mm , HiXf T EAH
P22 0. 241 wm M FRE2E STD 4 0. 178 pwm; 55 1 000
FIYBIEE N 9,000 216 281 204 164 mm , AT EL{A 1% 2%
0.216 pm, W EFRAEZE STD 4 0.228 wm, W LLEH,E
EPENEAEER T £1 pm,

3.2 y AT EMRERR S =ZHMK

i3 MK600-1900 % & 774 4~ 43 8] 5 fH (8] i
0.32 mm) R4 (14) , WAAEAZS AIRRAE A5y ] ARKR .

y, =0.32mm xr(r=0,1,2,-,774) (15)

MRS B PEAR 0 B H, 76 B A 25 [ AR 28 AT T 2

HI5 y, RN LS50 GV T | O-XZ | h A5t~ 5 2
ARFR S LS ] = HE AR S, AnT&] 10 7 S gl 5
s 11 D = 4E g R 18 12 i TR s AL Y
MATLAB R R&5 5 (23 HE3 .1 280%365) ;181 13 36T 5,
= 3D El ) MATLAB 57 25 5 (43 ¥ . 1 280x365) ;
14 J XUl T A 3D BB MATLAB 2 % 45 3 (433
4.1 280%x365) ; &l 15 Ry g il 1 25 == 3D ¥l A9 MATLAB
WRGER (JrPEE 1 280%365)

Kl 10 giinscaik

Fig. 10 Measured physical map

Kl 11
Fig. 11

=Y R

3D measurement process

120 100 80 60 40 20
K12 3 TRl MR R MATLAB /R4 )
Fig. 12 MATLAB display results of top view of

cover point cloud



5 10 ]

WRIGENE A5 . 2 T AR H-F T AR AE 19 3D B 5 i e 185

80 - 0

™~
e
120 120 100

BI13 557 Riz 3D B MATLAB WR%%
Fig. 13 MATLAB display results of 3D map of cover point cloud

IOl

50 100 150 200

K14 RUHIT £ 25 3D [ MATLAB R %5
Fig. 14 MATLAB display results of 3D map of phoenix

surface point cloud

50 100 150 200

B 15 Jehiiisiz 3D &) MATLAB f/R45 24
Fig. 15 MATLAB display results of 3D map of phoenix dragon

surface point cloud

-

4 & it

ASCHH T —FH B B R PR RO R A 3D R
1977 . IR 3D UG TT 97 ] { O-XYZ | B9
SR | 0-XZ | W9RRAE S y 2 falbRsE . [, 42
EH Tl T 8 Y B T A b 0 S B -
{O-XZ | WkssE I, hi o J7 B TRHEAT R RN
BT 5, AR I 75 23 B A TF e HE 47 05 5 ) 56 1T
(IR T NSNS M S RO T AL T AR i AR,
WG T R PR AR B 4R T A RN A
I, AR A A P TG R UL & A R OB A

i NN i SV 2 S e o RN A R P

ETAREMEE M, T IRIE R E R R TR

TEREENE, R S i | 0-XZ | AR E IR 15

PR AR P S BEAT 1) 23 (B4 2 P SE B R JEE , e B

PRI § 0-XYZ | 251819 3D B AR S5

S 3k

[1] SONY, YOON S, OH S Y, et al. A lightweight and
cost-effective 3D omnidirectional depth sensor based on
laser triangulation [ J ]. IEEE ACCESS, 2019, 7.
58740-58750.

[2] CAIZY,JINCQ, XU]J, et al. Measurement of potato
volume with laser triangulation and three- dimensional
reconstruction [ J ]. IEEE ACCESS, 2020, 8.
176565-176573.

[3] BAILY, LIUF, DENG J Y, et al. Research on dynamic
detection of geometric parameters of groove rail based on
laser triangulation and four-point chord measurement[ C].
2020 3rd International Conference on Advanced Electronic
Materials, ~ Computers  and
(AEMCSE) , 2020. 11-15.

[ 4] SCHLARP J, CSENCSICS E, SCHITTER G. Optical

Software  Engineering

scanning of a laser triangulation sensor for 3D
imaging[ J]. IEEE Transactions on Instrumentation and
Measurement, 2020, 69(6) : 3606-3613.

[5] LINC F,HWANG C H,FANG H R, et al. Real-time
pitch diameter measurement of internal thread for nut
using laser triangulation [ C]. 2017 IEEE International
Instrumentation and Measurement Technology Conference
(I12MTC), 2017 181-184.

[ 6] DVOYNISHNIKOV S V, MELEDIN V G. Laser
differential ~ cloudy triangulation with video flow
synchronization [ C]. 2019 IEEE 28th International
Symposium on Industrial Electronics ( ISIE ), 2019:
1700-1705.

[ 7] SULIGA P. A feature analysis of alaser triangulation
stand used to acquire a 3D screw thread image[ C]. 2016
17th  International  Carpathian Control — Conference
(ICCC), 2016: 702-705.

[ 8] LAVRINOV D S, KHORKIN A 1. Problems of internal
calibration of  precision laser triangulation 2D

scanners| C]. 2016 2nd International Conference on

Industrial Engineering, Applications and Manufacturing

(ICIEAM) , 2016. 1-4.



186 & xR ¥ Fa2%
[9] WEN X Q, LIANG J Y. Application of Kalman filtering measurement of transmission line tower based on
algorithm in laser triangulation measurement[ C]. 2017 terrestrial 3D lidar [ J ]. Journal of Electronic
36th Chinese Control Conference ( CCC ), 2017. Measurement and Instrumentation, 2017, 31 (4).
5523-55217. 516-521.

[10]

[11]

[14]

SENJALIA J, PANDYA P, KAPADIA H. Measurement
of wheel alignment using camera calibration and laser
[ C]. 2013 4th Nirma
International Conference on Engineering ( NUICONE )
2013; 1-5.

AR, XU, EERIE. HLEE AN A IR = 45
BHATGRBACTET]. BRI R (A&
BR2ERR) , 2020, 48( 1) 13-19.

CAO CH Q, LIU H W, LI R F. 3D point cloud basic

triangulation University

form simplification algorithm for robot autonomous
grasping[ J]. Journal of Huazhong University of Science
and Technology ( Natural Science Edition ), 2020,
48(1): 13-19.

A, FRR. BT =4GR T LB &0 Bt
ML) ], AR RHIR AR (A RBEERR) |, 2020,
43(1): 1-6.

SANG N, LI M R. High resolution network for human
hand pose estimation based on 3D convolution [ J ].
Journal of Huazhong University of Science and Technology
( Natural Science Edition) , 2020, 48(1): 1-6.
WANIE, TE, TURE A MR R = 4RO
XA RIFARIT (D], BT S AR,
2019, 33(9) : 80-86.

XIE X F, WAN Y, YAN K X, et al. Regional
segmentation and volume calculation of 3D laser scanning
point cloud in underground caverns [ J]. Journal of
Electronic Measurement 2019,
33(9) . 80-86.

TR, B, REA, % BOC S MIE AR A
ZIA G KARZBIE[T]. SRR, 2021,
42(5) . 1-8.

WANG CH W, LU H Z, WU J J, et al. Study of

and Instrumentation,

polynomial fitting and error correction method for laser
triangulation displacement measurement [ J |. Chinese
Journal of Scientific Instrument, 2021, 42(5): 1-8.
W/NE, k5, B, & BT U0 E R 1
MU RIS R BRI A () ], A7 0 5 AR A i
2017, 31(4): 516-521.

SHEN X J, DU Y, WANG R D, et al

Inclination

[17]

[19]

[20]

Wik, 5K 1%, MRbF, 5. HZB sl =4 fiR
ZE[RP I BT AR (1], XA FR 2= 40, 2019,
40(10) : 145-151.

CHEN CH, ZHANG H R, CHEN SH X, et al. Study on
synchronous measurement method of three-dimensional
angle errors for linear motion mechanism [ J]. Chinese
Journal of Scientific Instrument, 2019, 40 ( 10):
145-151.

ZHANG Z Y. A flexible new technique for camera
calibration [ J ].
and Machine Intelligence, 2000, 22(11) : 1330-1334.
KUMAR S, TIWARI P K, CHAUDHURY S B. An

IEEE Transactions on Pattern Analysis

optical triangulation method for non-contact profile
measurement [ C|. 2006 IEEE International Conference
on Industrial Technology, 2006 1335-1340.

BOK Y, JEONG Y, CHOI D G, et al. Capturing village-
level heritages with a hand-held camera-laser fusion
sensor [ J |]. International Journal of Computer Vision,
2011, 94(1) : 36-53.

JEE R, R, VL. AL R AR B
BRE (D], PLM TR 2% i, 2004, 40 (6):
169-173.

ZHOU F Q, ZHANG G J, JIANG J. Field calibration
method for line structured light vision sensor [ J].
2004,

Chinese Journal of Mechanical Engineering,

40(6) : 169-173.

fEZ '

PR BEHE, 7 5 1E 2005 4F 2007 4F 0
- 2011 AR FAR B RS 3R AR 5 - E

w 50 2 57 P e o o, B D o 2 B

Uit 2 EEAAFSET7 11 D OL G I AL

?ﬁ!‘ﬁo

E-mail ; 123207271@ qq. com

Chen Xiaohui received his B. Sc. , M. Sc. and Ph. D. degrees

all from Huazhong University of Science and Technology in 2005,

2007, and 2011, respectively. He is currently a lecturer at

Huanghuai University. His research interests include laser optical

measurement and machine vision.



5 10 ]

WRIGENE A5 . 2 T AR H-F T AR AE 19 3D B 5 i e 187

HWER, 2019 FFFRERERGFE L7
A, B AR A R ROR S AR 5 A, AT
FEIT 0 A REE AR e BE AR {5 S b B
E-mail: zhihao@ hust. edu. c¢n

Zhang Zhihao received his B. Sc. degree

=
AR
from Donghua University in 2019. He is currently a master
student at Huazhong University of Science and Technology. His
research interests include magnetostrictive transducer and signal
processing.

B, 2021 TR T REFIFE A
AL U T RO A A P, R
IR T3 17 D T AP 4 S T AN
E-mail; 2097023187@ qq. com

Yang Xin received her B. Sc. degree from

Wuhan University of Technology in 2021. She is currently a

master student at Huazhong University of Science and
Technology. Her research interests include magnetostrictive
guided wave nondestructive inspection.
WL CGEIFEH) , 71937E 2000 47,2005
AF A1 2009 AF A B R SR ARG 2 o
(AR RS VRTINS o VA DI KL S R PN
SR, TS5 0 0 S U BN 4R
HRed S b B,
E-mail; jiangxu@ mail. hust. edu. cn
Xu Jiang ( Corresponding author) received his B. Se. , M. Se.
and Ph. D. degrees all from Huazhong University of Science and
Technology in 2000, 2005 and 2009, respectively. He is
currently an associate professor at Huazhong University of Science
and Technology. His research interests include guided waves,

magnetoacoustic transducer and signal processing.



