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Abstract: In structured light 3D measurement systems, defocusing of the camera is inevitable. Because of
camera defocus, the object’s complex surface texture introduces substantial phase errors, degrading measure-
ment accuracy. To address this issue, this paper analyzes and formulates an error model for phase distortions
arising from complex textures, and elucidates the relationship between the phase error and the direction of
texture edge. Thus, a correction method for complex texture errors based on bidirectional fringe projection

point cloud fitting is proposed. Theoretically, the bidirectional phase information obtained by projecting hori-
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zontal and vertical fringe patterns should yield perfect consistent point clouds. Thus, the method corrects the

phase by minimizing the Euclidean distance between the corresponding points in the horizontal and vertical

point clouds, ultimately obtaining the corrected point cloud. To remove global shifts from calibration para-

meter errors, a pre-correction process is applied through point cloud matching. In comparative experiments,

our method achieves up to 33.6% reduction in the mean absolute error (MAE) and 39.1% reduction in the

root mean square error (RMSE) versus conventional approaches. These results demonstrate its superior ac-

curacy for reconstructing objects with complex texture.

Key words: 3D measurement; structured light; phase shifting method; complex texture; phase map correction
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K 2 s, o T BEEHESL (10) HE R
1H, ﬂﬁ%’éﬁmﬁmwﬁfiﬁfﬁﬁﬁﬂﬁﬁﬁ“ﬂl 5
Q, , RN (4 SR 235350 Ry 5 o, SRBUBARTT T 5
Yy 3R T S0P T 1 [R) S AR EhJﬂ:,TLMﬁt
(10) H 53T 553 BE RS- T 5350 J T Ry 8

JIG (x,y) rixdxdy + fJG (x,y) rpxdxdy
Q, Q

P ij(x,y)rldxdy+j G (x,y)rydxdy
B * (D
XV 433 SRR A3, 5 e B PR A bR o 22 R
o, KR4 = B PR P B T 1

riosine  —r,osina
+
V2= V2rn 2ri=r, .
Ay, = — osina
1.2 nri+nr
2

12>

M TR SR B T7 [ (A7 AR/ 2 S, R T
YN AR LT, 2R BUEARTT 1 A y Al 5T 18], 55202
PRETRZE A

I (12) 52X (13), Au, 5 Av, [BIFF7E HA

Auycosa = Avysina . (14

22 RERBEREBSES RS

3 (14) H 57 7 B A5 S0 B 45 28 8] A9 3k
o Hig L, 6 F — Py i B R A S
R (B ) NEe—E 2R, i TirE
SRR ]G AT AR R 22, BRI\ SR B0 TR] —
PRI B 25 A — B W —FAR AT P
i, FEYIR S I R R SR LT, S
MR = Z TSR B 22 0, A 3R K]
fﬂﬁﬁﬂ%?)ﬂi) IR P, fER TR AR

S RBHIRZE R 7 BB IE — & A (i B8

K3 X[ FAR B R s TS5 5R
Fig.3 Horizontal and vertical point cloud reconstruction

results for the same board

FEEAYIN 5 3 A8 v, PO R G S5 80 o [R]—
PR A U T 2H s 2= b, el (A — A ATLAR 2R A Y
1 BIAS B 2 [ ) —ZH DR BE A T . s s st —
— X N, B AT 38 5 A5 5 {8 73 fif ) (Singular Value
Decomposition, SVD), 5 A4~ i 2= [A] 1Y W {4 2%
HSE R

S, AT E A D AR R CL S
C,. TR H T
H-= i(P ~c)(P-c) . (15)

i=

Kb MRS =TS BN EG PSP IR
] 5 1m] 15 2 H AR i A AR R
B, XF HiEA 7T SVD 43t f52814E U, S, Ve
[U,S,V]=SVD(H) . (16)
] LIS R S 2 [ e e R A B [RT, Ho.

R=VU"
T=-RxC,+C,

NAEics Z P eae S

an

WA= (14), B9 %



1090

FEDEE (hgEso

#18 %

BRI B R, EAREH] SVD 2ok & 1Y
W2 I, ARSCRE N TN 4 BRI EE

Start

Obtain
background
intensity

Create initial
point set
Calculate

[RT]

[1P-PJI<
threshold,

Add to the

T~ -
point set

F

End

K4 mzlRcH ke
Fig. 4 Flowchart of the point cloud matching algorithm

G, i AR SR S AR FOLR, 1]
LA E IR LSO A . BEJS, AR SCA S 2L
T DX I P B e — A ) AR AR 32
HRZEZ A, B HMA S S W. WY
SRR SVD J71%, Al LIRS — 4R HE 4 . AR
T, 336 46 15 X5 AT 2 52 5 B ATL ISR 7 268 R 3R AR S )
AT ZMA B 2 1) g AT IERELARE (R IR 2E . A
SCHUHT RANSACE™ py EAHBEATIRAR, Rk AESE
B W Z AR AR R OIS B /N T B A

X, miy, my,  mi,
C C C

Y, My My My
— C C C

Z, | = mg . mg2 mg3

Se mpl) L om 2 m{l)3

Sp nmy My, M

X, mi, my,  my
C C C

Y, My My Ny
—_ C C C

Z, |= mg1 mg2 mg3

Sc My My, My
s mh mt, m

P 31 32 33

A s 5 s A AL B AR R I 75
Py =X, Y, ZJ" 5 P, = [X,, Yy, Z,1" 53 590 A AR Al
IR L IR = ZE AR AR BRI M
M, 3 B AL S BN ZSRITRAR, /I

C C C C

my  mp mp My

pu— —_ C C C C
Mc - Kc [RCTC] - m21 m22 m23 m24
C C C C

my My, Myz My

(23)

—u,

—v,

-1
0
0

XINASES WITTHE ARG B . SR e
ZE TGN 0, MR A0 728 B o B A 8 1
RS I 1 [RT1HERE, I = i s Py ]
T (18) 2 A P, NN BRH S 17
Xof L I 22

P, =RxP,+T . (18)

23 ETWEEMU ST LENE REERIRERIE
A (14) C&LUEW, 755 2% sU 352 ) (1Y X3,
TEIAAR LU Hh R AR AL BRI 1R 25 M LE L
B F . AR, et (12) 53X (13) HHER R 2
o AR A SR T 1) 5 S5 53 A 5 v B R B b
22, AR PEXELLORIIE
R, AR SCIERET | A S E K, 21 1 A0 S5 90
] AR 1R 22 53 31 R -
{Aup = ksina

(19
Av, = kcosa

$iX (19) 5K (12). 2K (13) XFEEaT, HEe FA

k= \/2”1 -

mri+nr

X R YRR E— Py = (XY, 2],

o HOW R AHALAL AR (e, ve ), HREE 1] SR SRR AR5

ASCRE o) AL 3w, KF 00, ARG A, HEAT S I, DU AT AR A
brsE SRS B IE S Y —4EAB AR

20

0 My
C
0 My,
0 -ms, QD
: p
—u, + ksina —mé4
-1 iy
0 - ¢
—myy
C
0 Ty
0 _— (22)
_ p
Vp +kcosa ml%4
-1 sy,
p p p p
mlgl m%)2 m1133 mr1>4
» = K, [RPTP] = m%l ml%z mgs m%4
My My May My

(24)
L K5 K0 HIAL S B2 ALR S 40 1,
[R.T.) 5| R,T, | 535 MWL S B A S S
HRPEE (18) A2 1E 5 = e, AHALABR (e, ve)
XoF IO PR AR ) =24 s S5 ) = 4 R DA T



55

RIEAH, 45 F T XA 25 S0 2 DL RC I R SUR ZE AR OE

1091

ki) pREL

D) =|P,-P, (25)

AT AR R Z W E LT, XF 0 [ —AH L
AL BRI RE ) = R AR bR — 3, BlD =0, fH
S, 52 BEAILME SRR 22 AR, RO o8 4 KRR A %
SURZE, PSR E S HUD=0R5
1, i 3 0 S Bk BB 25 SR B 1 Bh i, 18
IERCRWAR2E . Wit AR SCIEPERRAE kY3 L, XF
B AR R R AL N R BD (k) e /N kY
{H, I8 R SRR ) AR A8 TE 5 X g s A R
FESER . RGN (20), k < V2/mo o B IEF PR
TEOCHARNLES SRR AN 2o R, Se B PS8 k95
FlA[-1,11.

ASCRTT T —FP 3T W 55805 = VERLD (Bi-
directional Fringe Point Cloud Fitting, BPF) )% 2
SRR R 22 TE Ty i, BARAR I 508
B LA R b)) s

Getlangle Solve corrected|point cloud

Correct
phase error

Correct point
cloud offset

K5 BPF Jyikii el
Fig. 5 Flowchart of BPF method

0 00O0OGOOC
0 000OGCOOS

OICECIEOSORORO)
QROE SN N O OF &
(@ (0 () () 1)
(O OHQNOHOND
(@ (@D QDN
(@ QUG O @)
CNGHBICTCRO)
IO Cr O U O
GRORCRCEE 0]
GO ()
CECHCE O CHE)

)
)
&)

)

(
)
(
(

T, BRSO R B, AR & AR
ZEE; BS, FIH] Sobel 5314610 2, 42 1
PR SR BE s SRS, e AR L gk HH A LE AT AR
=, G 2.2 ONEBIE A BB ffa, ool
S A R A, RYE 2.3 AT RKRIER, &K
B BRI

3 SR

3.1 HEME

1 5, A SCHE Blender H il FH O b s RS
ST TRSCE . SER R A RS
RS HAME TR HEATI A, 28R 16 M5
R, AL 30 5K, RS K IEA bR E 15
HEATHRE -

BT E AR A 6(a) CR 1] WL T s 1 i) T
71N, B E ARAE [ 5 R 0 S S AL A T
SCHERRAL, 1Ko P EUEA H AR B 2 A A
(L7 A R 22, A A R s s AR
iR 2E . BLSER rh, AR R AL T2 = 0 i
LRSS A R AR A R 22 EE AT A
PN ARG MR 2 . K 6(b). 6(c)(F & WA T,
ThR) ARIERTAY AR, AT LUA B iR s &
BEHA L AR o ] = A pR SOV N SR SO Ao
RSP HIEATIUG, 4R AR 70 P L Tl 1
R 7R o PR A AR S A SO AR AR T 1) 5 2%
SUBARTT 1) B9 AR, DA AR 25 AR RE T R AR AL R
Zeo 7 R T RO HALIRZE AL 1L
MO0 M ATAT & T, B8 1 25 205 9kl 220
WRZE A E /209220 . d g R] I, 2 — kg
I T BT S PRE

Error/mm
AAAAAAAAA

e e e e e T = TN
e N N N A N AN N N

B N NN

A N A )

e e e O e T s e
VVVVVVVVVV

il el R s e N
»»»»»»»»»»

K6 BUUbRERERIRE. (a) BHUFREN; (b) B R LEHIRE; (o) YA KL R IR E

Fig. 6 Reconstruction errors of the simulated calibration board. (a) Simulated calibration board; (b) horizontal fringe recon-

struction error; (c¢) vertical fringe reconstruction error



1092 HRE 2 (FREE)

18 %

Error/mm
=)

—rn —1;/2 6 n}2 o
Angel/rad

K7 ARGIR G SE R

Fig. 7 Phase error fitting result

Pl SR I UL T 7 W) Jiam 1 1 FH LR 7
TEE AR A BRI, AL R 1 AR SO e e

FPP J7 7% (Horizontal Fringe Projection, HFP), &
T PSF ity 4k iR 2548 J5 150 (Two-dimen-
sional Error Model, TEM), BT —4E1% 22 sR BT
B2 8015 )7 105 (Parameter Computing, PC), &
T PSF il 93 {37 A8 40 75 7:09) (Inverse Four-
ier Transform, IFT), A M AR SCHE H 14 0[] 25 8 5
VLA % (BPF). A TSR kB IER
ZREOHRZE R RTATVE, A T8 3C [25] $2 4 i 2
TF# 441t (Kernel Estimation, KE) [ 25 A5k 5 1=
HATXT . EL 6 Ha] LU ), #4545 Bl i 2% ik
iR 2253 A AR R o A 1 T ) i Ml R R 25, AR S
PEPETEE 8 U R BB o e 2 2R . AT LLE
L, A SO RO R LS, 1R 25 IR (E I 8 A

Error/mm

K8 PrREMRE R . (a) HFP; (b) TEM; (c) PC; (d) KE; (e) IFT; (f) BPF
Fig. 8 Reconstruction errors of the calibration board. (a) HFP; (b) TEM; (c) PC; (d) KE; (e) IFT; (f) BPF

R T AR T R R IE PR BE, AR SO R
MAE 5 RMSE 1E R 3F- 4 4% 1E 850 19 P BB 35 A,
=X (26) Fron. HESERWEE 1 PR, AT, A
T EIA i) MAE 5 RMSE. R SC7 A
BT IERTJT i MAE F#(IR T 43.5%, RMSE F#{I%
T 41.0%, Bk KE By45 R ] DIE], Mg e
W T AR A 2 SO A R M 1R 22, I 2L 505 ol
AYREEIMAGZ T R LR

F1 ERURERERZIREXLE
Tab.1 Comparison of reconstruction errors of the sim-

ulated calibration board (mm)

Methods ~ HFP TEM PC KE IFT BPF

MAE  0.1083 0.0859 0.0808 0.2623 0.1065 0.0612

RMSE  0.1470 0.1176 0.1106 1.1835 0.1441 0.0868
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Fig. 9 Reconstruction errors of the object model. (a) Object and the fitting area. Reconstruction results of (b) HFP, (c) TEM,

(d) PC, (¢) IFT and (f) BPF
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Tab.2 Comparison of reconstruction errors of the sim-
ulated object model using different algorithms

(mm)

HFP TEM PC IFT BPF

MAE 0.0763 0.0625 0.0683 0.0738 0.0512

RMSE 0.1679 0.1335 0.1382 0.1613 0.1147
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© _]

Error/mm

2

-2

E 10 BB K HEEIRY . (a) B A X, (b) HEP, (c) TEM, (d) PC. (e) IFT. (f) BPF Ay &R 22

Fig. 10 The trapezoidal block and it’s reconstruction errors. (a) Block and the fitting area. Reconstruction errors of (b) HFP,

(c) TEM, (d) PC, (e) IFT and (f) BPF
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Tab.3 Comparison of reconstruction errors of the tra-

pezoidal block using different algorithms (mm)

HFP TEM PC IFT BPF
MAE 0.1631 0.1482 0.1540 0.1612 0.1377
RMSE 0.3660 0.2970 0.3511 0.3238 0.2199
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Ablation experiment results. (a) HFP measurem-

K11

Fig. 11
ent error; (b) BPF measurement error; (c) BPF
measurement error with point cloud offset uncor-
rected; (d) BPF measurement error with an excess-

ively large range of k
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Error/mm
5
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Fig. 12 The standard sphere and it’s reconstruction errors. (a) Standard sphere and the fitting area. Reconstruction errors of

(b) HFP, (c) TEM, (d) PC, (¢) IFT and (f) BPF
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Tab.4 Comparison of reconstruction errors of the sta-

ndard sphere using different algorithms (mm)
HFP TEM PC IFT BPF
MAE 0.3271 0.2805 0.2382 0.3265 0.2173
RMSE 0.5414 0.4531 0.4176 0.5378 0.3296
Diameter 45.2 47.1 47.7 46.0 49.6
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