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Abstract: A three-dimensional topography measurement method for large-scale components is proposed
to achieve high-precision and high-efficiency measurement. To address the issues of low accuracy and poor
stability inherent in binocular structured light measurements, a complementary positive and negative Gray
phase-shifted structured light coding technique is developed. This approach mitigates the susceptibility of
binocular structured light systems to systematic errors and inaccurate phase unwrapping during actual mea-

surement. The method employs a robust pixel classification technique for binarizing the positive and nega-
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tive Gray codes, alongside an improved Gaussian filtering algorithm applied to the phase-shift code imag-
es. To improve the measurement accuracy of existing point cloud, an improved iterative nearest point
cloud stitching algorithm is introduced. This algorithm extracts and filters point clouds from overlapping re-
gions of adjacent perspectives to eliminate interference from non-overlapping areas and integrates the Lev-
enberg-Marquardt optimization algorithm into the iterative process to enhance robustness against initial po-
sition sensitivity and noise interference. Compared to traditional iterative nearest point stitching methods,
the proposed algorithm increases accuracy by 55% , accelerates stitching efficiency by several times, and
reduces iteration count by 61%. Experimental results demonstrate that the developed system achieves
length measurement accuracy better than 450 pm/m at a measurement distance of 700 mm and a camera
angle of 65°, with point cloud stitching computation times of approximately 25 ms between adjacent
views. These findings confirm that the method satisfies the accuracy and efficiency requirements for three-
dimensional topography measurement of large-scale welded components.

Key words: three-dimensional morphorogy measurement; binocular structured light; robust pixel classifi-

cation; improved ICP algorithm; positive-negative gray phase shift
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Fig.1 Schematic diagram of binocular structured light

3D measurement system
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Fig.2 Overall process of 3D reconstruction of large-scale
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Fig.3 Flowchart of absolute phase expansion
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Fig. 5 Gray value distribution before and after improved Gaussian filtering

3.1.3 “stAaii A

FT T 40 2 R A (B A T B IR VI pR BOR 7Y
[N, f 28 AH A B g A% X TR R [ — /2, 7/2]0
T i AT XU H DS FE A AR A7 (E B A B AT o —
P i B A L AT 2 0T AR S R T, s L S
i3] (O, k) IXTH] o HL A IE 2 A% 75 AH A% 45 44 0 9
it 75 vk R FH EL A T 05 445 5 A B8 B 1Y 28 X0 A A7
JETT 7 15 A 53 39 4 B HLAMS B 15 —(E 1k 25 R A
A RS B B AH A, 38 0o A 7 B AR i e 4 2R
TR T [ U £ 28 A FE AT R T, i A n 4]
6 Jr7s o TCHT 4 5K B IT B ik o &y, 48 5 5K
HOAMKS TS R IT YN ko 3B I A R A, AR AR
A 2) X AL ¢ () BN R AL B HEAT i TT 5K

I, 45 3] BA U 3 8 LA AT ME — Pk A4 A X A 6
D(x,y)e

62X AL R TT S

Fig. 6 Schematic diagram of absolute phase unwrapping



25106, 45 AL T

TCP B33 9 RS A8 A 1 — 2 JE S50 ) 1401

D(z,y)=
¢(Iy <—n/2
Tr/2<¢(fy <x/2,
, plx,y)=n/2

¢z, y)+ 2rky(z,y),
Pz, y)+ 2k (x )
o(x, y)Jan/e?(I y)—
(2)

Kb g (a,y) R R K iR AL, b RN
I 4 5K A% B A A5 2 Y R IF B IR, b 3R 22K 5
sk A T AL Y R I B IR .
3.2 THRELEENEERRE

A SC UL 4 % A 5 B A R VE B AR 8 38 i A2 A
AHAIL B4 4 %58 A 7 MR 16 4T AR 3R S H DL E , I 5E
FRCH R AR K VT B AT T A
JE =i s bR, e A BUH SRR E
Z2 B 20 A R DL s X6 A 5 P15 L A 5 e A
A AR AR R, GO TRAR B AT . A T T XCHE DL
e A A B RN R M L B0 B AR AIE A DC C A A E
D C 5 4 DT G AH 25 6 09 0 2045 3 AR R GO H
VC T A o 38 3 48 % 22 {5 F1 (Sum of Absolute Dif-
ferences, SAD) Jay #f VT Fe 55 1% iE 47 X H LR,
FE 22 G HU 3 X 3 K/ANI i 1, IR AE A & TR —
AT A S R, TR R AR R PO H VLT A
Bifi J | % DG C A3 S B AT A S AR A B #E AT = IR FE 2%
i 2 005, 49 B AR = B2 B9 X H DG C AR B, O
B AR E W 221 dis(w,,v) o SRR IE G A B
O H BRI E 7 s, B AR AR &R (55 28 AHAIL AR
PRARTER) PR ZHEA AR KL Py (X, Y, Zy) TEZE
AL PG A B 2 P0G 4k 1% 5 AR AR N P,
v,) , TEAT BG83 R Po(w,,0,) , I
W 228 dis=uw—u,. 3T 25 A = AR i R
BT R 2 (RN L A AR A A BRI AL Oy = A A

B 7 SR IE G R E R

Fig.7 Stereo corrected post-binocular model

b, BARGF
(X Y Z W]I'=
Qlu v distu,v,) 17, (3)
A QLUIR/REHEB LM, AR E 155, W
FoR RUE RT3 LB i = 4E A b (X/ W, Y/ W,
ZIW) sy, 0,55 0 3R 22 ABBL B Aa 5 R T AR
EUNGISNNE T LY AN (E
i AN [\ AT A2 A7 A LR 4R 04 4 5% A L
BG4S 2045 A B =4 8 = i AR bR Bcds , T
J5 B2 2 WA A = DR 3 58 8 ) R RS #8 F R

ZiEE.
4 ZAAEEHE

TE XF R RCSE ¥ 1 kA7 52 PR = 2 2 S50
B, f T A LRI R AR P A BR, # ThAE
T8 A L P 2 DD, B B TRk AR A 8
GRS i €1 S N A - SN NETE B DU
PR R T = HE R B AT 2 R IR A
] ff1 T AR A B9 2 B 7 0 o O 4 F
Al — b 2T B G = PF . B PHE N
PRHERT DR . B — B Z P IR
i i ARG W 2% I 9% T DR DR TCP S IA TR AL
AR DL B B H S B2 22 5 M, A SR T 2 A
JE Rl m PR DT IR O B MK 8 s . ¥ e,

of Bk PR AR B AR S = YA A R AT A S )
(g A
e FEE A SVDHTE:
, R
B pyre—l -
R
SR ICPHE ‘
[ AR

beRETh= &= ipri

8 ZME s PR R
Fig. 8 Flowchart of multi-angle point cloud splicing algo-

rithm



1402 P

fife O A B WA AR A B S SO PR L $
PR U BUNC RN/ AN a3 AP W S 83 & X (S
X s An B HEAT g AL B L B S, X AH 4B A A
05 2 B BB A 2 I, PR A R X =
HEAT ¥ 0] S AR T, 2 B T A 25 1Y DR I A
o e JE Ll A SRR - B S R ARk AR
i (Levenberg-Marquardt  Iterative  Closest
Point, LM-TCP) % i X} §iff 1% 5 #H <8 0L M 1Y 5 =
B AR P — RIS 20 m e s
Y AL BR 2R o
4.1 m=iEPHE

T, b E SUH ARAL, I8 B AR [ 5E 7 A
LB A AT A R 2 S DA R IR TR AH <8
AL AR ZS T XUCH A AL Y B R 4 15 3 PF 45 4k &
%o 3, 3 N XU E AE AL AE AR &8 9 A0 £ AL
AL R AR DR AR B 15 2R Bl AT RS A T A
8o AR BRI b, 0T 4 AR S A PR 2 AR B AR
148 JRU A5 B0 A R AR R R XHR R AR R
AT BB NA B R . RS AR s 2
FEUOUL AR ALK 1 AR 2 A bR 2 4 B0 E ST R AR
EJE A AALAR AR R TS B P AR M R
YR s bR, B R LW ST DR 4 A
PN DN (W B NN SIS B S g g =
P4 B2 1 25 0T 0 AR b, T 38 A AT S 1H 4 R O
T H SEOM PF 2 0 WA AR 4 B B O X IR R 2
A7 RE L ) A AR e 4 U5 5 = F B A s =
Tt A bR FR A XS 5 B e 25 SRR Oy I S A P
AL BRI VIE -
4.2 mZAEHE

2t P S W 2 A S s BAR AT LIS 3
Bl DA 1) R AR 5 A AEE AT SR AE AE AL 45 1 5
WAMAGM AN TR R =FE . P, # %
AT R U . S BRI B OGSy 1 Y
EFRER LR RREL XA SFEE. BE K
HE it kLR A s8R b R M
B R A= A B AE R RE I8
UEBR BT B 22 o A IR ACR W E 9 s
LA i = el S s ek
M fF BB T URRR , O S 28 2ok B DR 4R
HET SR R

(a) YEWEHIT A Z K

(a) Point cloud before filtering
K9 Rz IR O

Fig.9 Point cloud filtering rendering

(b) UER G A EE
(b) Point cloud after filtering

4.3 it ICPAEHf

HHAB LA 5 = 223 2 R PR 3 R AR s DB
Ab G B A IR A A B 2 B Rl e 3 i A
MEBR AR T o SR, M T v R — FOHLRE B2 R DR B
TE RN GAA R R BHEIRZE . N T
P& TH d5c 2005 W R IR RS BE L 4 Hh T ek ak TCP 3 ik
PE— 20 P B 5 B R S B . o E
Mo m A AR YGE I A w TR
QW A5, T I B 4R SO FE RS O 5 B
PEAT HOE, W E e AR o AR dE o ik ) ok
i E — A0 0 e o XIS ol R A A
(Prinncipal Components Analysis, PCA) 7% #ff 37
Jaa T A8 1 DX I, A T 408 X AL A N TR
T, I LAIZ A T ) A o = 4 ik . 5
P = VB bR s R N R s ] e A 0, 0F
BEE T A A O FEAT FEBL o R UR A = F0 H B
s BEAT 2 O, 25 R R R R R R b A
Mg 75 R A Y R DR TRC R 4, A A T O
IR 5 JUAT R AR Y SC B AR AR A, BTV b )
Az () B AR RS O AR el 20 0 0 7 B D 22 ) B
Fe 45 SR 52 R R O s Bl L R RO
WA, &JE S ICP kY HEal B ol A
P SCAR AR AL SR, il 2 BAT R A SO 42 )R
HRFEE . Gl % ICP B3 X O/ B8 A 20 3 IX 4k
FUAR 5 = R = AT AR5, 15 2 i O
8 O A 2 d 4 T, O IR = E — 0 R AT WA AR
o PHESTR VAR S = 00, R T 20 S
SRERPFHE R, A s PFEACR N 10 s . &
ot ek ICP RS $F 42 J5 19 AR <R AL A 450 = v LU &L
XF 6, DT U2 5 2 RO ) 6 2%, 4 | KO
P 1) = 2 T 5 0 e S



225106, 45 55 T R ICP 305 1 R RS R 4 F — 400 35 ) 1403

TRENA HE X 45k

ICPH

FI10  AHAR A BE 0 2l = DFEROR
Fig. 10  Point cloud stitching effect at adjacent angles

5 MBEBE5ER 5

BE T 5 D B R RS A 1 = 4R TR S5
WA, A TR o % S 5 S AL
I 454 00 = 4k 0 B B v B B s s LA |
XUV AP 8 DA R SR . Horh, BUH 4544
o =R R Bl — /R AL
PRO4710., 48 # % 1 920 pixel X 1 080 pixel) Fil
PI T 6 mm E £ BT Sk 1 T A AL (8L SR
MER2-160-227U3M, 43 #F % K 1 440 pixel X
1 080 pixel) 2H L. &K BE B 2k iz sh LA iy 4

Fig.11 Experimental platform of large-scale 3D topogra-

phy measurement system

B4 S Bl 45 2 A . BV B T E A Bk
DA, LA o 1 00 12 7 A 5 0 o 2o R op ) R
PEo T SONR A TR IR A e X S0 45
Sl B

R T B UE R R S = 4RI S R G R
i FH 22 ) 57 & X6 KR RUBR B s o A kAT £
U A SRR S ORUBR R A o A
W7 ' B 5 A o BR (IR BERS B2 7 3 pem L PN ) T v [
e 1 24 3% H2 R A0 A o S 36 40 A1) oRe = A A ) i
BLAN R RS = 2 T 45 000 i F £ % S8R A s o4
PEAT = 4T S BROL BRI . 26 = AR AR AL
(ZEISS # 7] PRISMO ) 22 Wk 4% fil X I 2, 75 5
V) % bR ME BR A BR O E =1 117. 232 mm, # #E BK
FLAE4 1R 50. 807 mm A1 50. 804 mm, K H A K
PR AE(H

V5 BBk B b o 1 1 AR VOB ER b S AT
BT B B A LB Sk 700 mm 22 A7 B I R 4 AL
i FH KR SE = 4 5 & 7 & B S5O R
bR A BR AR R, [R) A A RS H AR LR 2B R 4R
AR S5 B AR, o b o BR B HE AT = 4R S0 i
W5 WUER W bR 1 R 35 50 43 B 3 A4S 5B 43, A FH o G
L2k 32 s HLAL 55 FE RS 3h W H 45 4 = 4k ] = 4
B, I A% 2] 3440 A A B AL B BR R = s
BOWE o SRS 38 A R R A B AR A S
Y AR R A A A S R S s R PR A
SRAH B A A 0 WA A A A R e s R AT
7 IR A 7 4 45 1) 56 BRI 7 JS R0 R R A o A
(1 22T 25 2, T 45 WA A 2 B SR AR x5, 58
BCAEBR R GE— o BT, R 4 = B
TR BB, AR S S = &5, gl ICP
W TC o 1 3 e N e X T R A 2 X 6
F TR PR B2 0 NI R AR 4 0 A 0 R P B2 S 1
25 AR R B BEAT T RS BE X S5 L i — 2P
P TR0 e 2 SR B A9 B S8 A R Y Bk R A
WEE 2 o T 12 Ry d5c 2245 B 1 OUER s b 1 12 1
YR A 2 A . R M BR R O R A B

B2 XUBRFR B AF 1) = 22 3 0 k45
Fig. 12 Three-dimensional topography results of stan-

dard part of double bat



1404

e K TR

33 %

AT DA B 4 0 A2 1 5 A T R B A 1 A
SEPR =4 RS

TEAH R S5 188, 43 0 A8 A% G A% o AH % 1k
i 15 77 R IE S B A% T AH B8 T g 5 5 2C%T
B 1 BR AT 22 U I 3 e BR AR A A B B o
B AR B . B Al A% G ICP A ek i
ICP 55 32 XoF g ik XK #8402 1 AT Bf 42 5
5, A5 B BUBk R AR AR G RO B RO . e R

D75 K54 55 = A AR 2 AL I A5 04 B 1 (8 2E 4T 10
BLREMEF LR, R 1o, KRR =4t
R TR R =N (U N LD B =)
450 pm/mo

2N AT 5K B #5300 X AH 4B L £ A
= HEAT BEE 00 52 50 2 B0 [ 38 ) i ]34 5 R
e 22 DA K 36 A UBCR TE T ek gk DR A 0 AR
.

R1 WHBREGEESHNLL

Tab.1 Comparison of reconstruction parameters of standard parts of double bats (mm)
1R AR R 22 2R IRE XUBRIR O B 18 22
UERY
1% 48 4 1 BIGTRERES L RISl HER7S &4 1CP BUGTINERES

1 0. 037 0.023 0.035 0. 025 0.630 0.444

2 0.039 0.026 0. 040 0..030 0.613 0.420

3 0.042 0.031 0.032 0.023 0.621 0.449
R2 RTHEZRSUMLL AR 0 TR O RO R A (R R B X 2 A

Tab.2 Comparison of point cloud splicing effect parame-

ters
Sk ¥R 22 BRE/s kAR
ICP 3.544X 10 ° 3.245 51
GICP 1.953x10° 0.457 30
ZNECE RS 1.614%x10°° 0.023 21

M 20, 5165 ICP Bl T, A So i s
B P RE BE B T 55 %0, I IRIR B F % 61% . 5
I X 3% AR % I A (Generalized Tterative Closest
Point, GICP) " #H H , A% SCH 1% 18 DF 42 K5 B 42 5
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[ B, 136 — M ICP 53035 R 58 70 M i = S5 M
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IR B R G, ST R R R B R EE
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