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Fig. 4 Fringe projection system. (a) Projecting diagram; (b) experimental devices

3.2 mEBEZYEUMBESN

5, 3 A I AN [ R R T T B R A — A
0B 1 21 BB 0 R K 56 IE T 4 O ik B Rl AT I E 5
(a) i o Bl 5(b)~Ce) i F it # Wit 07 (2, y)
o4 e M B & s [I(x,y) L(x,y) Li(a,y),

L (x,y) L E 5D ~(h) J& 3 e 4717 5 S0 R R 4R R 1Y 4
W& [Ci(a,y) . Cs(a,y) Cs(x,y) ] 40 2.2 75 fr
ISR SCHIR Z T, T B X R AR 1Y 31 4 i 4% s ik
1% —dt b, Be L, A ek 5%, o fhouE B ey, il
B Ak B B AR 5 3R A AT 2% B0k 181 Ok AR B T 4

—
et
| me————
R
i e
e

| é

K5 AIBLR A S () R A 5 (D)~ Ce) PU B ARRS 2 405 (1)~ (h) BT £ 5 1245 21 A9 = 1 4 T 2% 2

Fig. 5 TImages captured by camera. (a) Object to be measured; (b)-(e) four phase-shifting patterns; (f)—(h) three coded patterns obtained

by proposed method

0212002-4



E 435 F2H1/2023 F£ 1 A/FFR

T 7 W T e L 6 . P 6Ca) IRV IR T3 AL, SRTT L 22 I T i 40 9 P (90007 3
U 0 7 4% 5015 4 WRATL B 2 S0 A0 F0 T X L PR, e e AR R R DRSO L A SO HA A RS A S
FEL {1 £ 8 0 6 5 (D) s BRIE B LLFF % . WP 6 () ar bt SO S T I ZR AL 1 22 5 T B/ T 5 X R HY A ES

FMLT ST 4B CS(a,y ) 5 A B AR RS 26 B0 e %@"g?ﬁﬁ@fﬁz ﬁ”%g{z“f}gﬁféiﬁ
7 0 P 5 5 T B 3 o 4 00 e
S S T 1 2 " ; ARDIR R 22 o (B TE B A2 IZ SRR R 220 H L
VUR SRR TS R R TC . RSB DL C5 (o y )Ry e 4y o g 5, T 20 3R o
BB REAL AR B QT (o y YIHEL 6 (D), QUL y ) A g 3 EAT T Bk o V21 6(d) S W U 0 3 0t 1 26 50
(RS B BB L T 40 45005 4 BRI RS S B3 AL [ Q1 (s y) . Q) ) Q1 (s y) 1, 7 S 7 T U B8 1y R
I SC, AR T 2 5 BN A A7 1Y 27 Bk A R Z TA) IR A )4 3 pixel X 3 pixel

e AU Y e

I 1
I 1
! 1
l I

1
Iv
1

1
1 1
1 [ \sl
1 M\ \\i
1
1

ANV e L»“. Vi W AV oy
 RMANRASAYIO

(D

200 400 600 800 1000 1200
Pixel coordinate /pixel

FE6 gt sk 8eimm Al . () 5% 3 IR 4 7 45 805 4 IR AH S 5% ?I!fl’Ji'JEEI (b)) 555 3 I 4t % 2% SO0 L (14 ARk Ak 2% 05 (o)l A IR 158 22 174
bR A SR B0 (d) B R Y Ak SR L
Fig. 6 Quantization of coded patterns. (a) Sectional view between 3rd coded pattern and 4 phase-shifting patterns; (b) ideal quantized

patterns corresponding to 3rd coded pattern; (¢) practical quantized patterns with spiny error; (d) quantized patterns after filtering

Wb, 2 BIBGY RGO RSN, AR B SR 800K S XK SR R R BT o P T G R AL B T B L 2k
k(x, y) B G MBI AL @ (2, y ) B 20 BRARAFAEAR T I/ KR 2 onT e o (62 0BT AR 82 19 27 Bk A2 3B 47 2EAT
3 pixel PYFEAE, QP 7Ca) B, e mp A P S 0 141 B ARIE 1% 72 0] % om

k(x—rix+ry), ifabslo(z,y)—e(x—1,y)]=2
b y)— x—rixtry), ifabs[o(x,y)— olx )] TE, (10)
k(x’y)9 Others

AP o N w BRI B AR R J7 18] 5 r N RCIE 48, R 3 FIAEIE I HY A BLHRWR ke (o, y ) XS FE AT R0, 76 18T AH AL
Zr=>5pixele WA 7(a) FAIERTHY R BCRK k(2 y)  FNZRBLU ) BB 07 i A R Bt 1 o A 2ot =X

0212002-5



(3) 72 nid. 3 B2 X AR A2 A3 (9) i 7 8 4 A3 - 85 32 ke
J& A5 B0 TR S5 R AN 7 (b) BT R o i) LAV B A

435 E2H1/2023 £ 1 B/X¥EEIR
H BT T 32 ] AT BR 2B A4 B B Bk A2 1B 52 B 52 )
R EAG YR =43

4
@ Wr— k(x,y) - k (x,y) —wrapped phase
13
35 1P \
=
3 oo
s L >
A - 08
<2 B =
-1
25t =
F_r N
201 =5 -8
L . . . . =4
200 400 600 800 1000 1200
Pixel coordinate /pixel
(b) Height /mm
100
80
60
40
20
0

B 7 TR 5 i A A 2R (a) B LE AT 14 A B0 s (b) A 45 2R
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Temporal Phase Unwrapping Based on N-Ary Sinusoidal Codewords
An Haihua, Cao Yiping, Wang Lidan, Yang Na

College of Electronics and Information Engineering, Sichuan University, Chengdu 610065, Sichuan, China
Abstract

Objective Phase-shifting profilometry (PSP) has been widely used in various three-dimensional (3D) scenes due to its
high accuracy and robustness. In fringe projection profilometry (FPP), unwrapping the phase map in (— =, =] is an
inevitable consideration. Phase unwrapping algorithms are commonly divided into two types: spatial phase unwrapping
algorithms (SPUAs) and temporal phase unwrapping algorithms (TPUAs). Conventionally, TPUAs are more suitable for
measuring discontinuous objects as they can identify fringe orders pixel by pixel. TPUAs are also employed in real-time
3D measurement because of the development of hardware and defocusing systems. Numerous TPUAs have developed at a
fast pace in the past few decades, mainly including multi-frequency, intensity-code, and phase-code ones. Multi-frequency
methods suffer the low accuracy of the low-frequency patterns and the complicated selection among different frequencies.
Intensity-code methods, mainly N-ary Gray codes with concision and high efficiency, directly use intensity information to
generate the fringe order map, but they can barely measure colorful objects. In phase-code methods, massive codewords
are coded into the phase domain with a depth of only 2=, and the difference between adjacent quantized phases may be too
small to ensure the correct decoded codewords for a large number of fringe orders. Essentially, the proposed sinusoidal
codewords are directly extracted from N-step phase-shifting patterns to replace additional stair-shaped codewords in
intensity-code and phase-code methods. By contrast, the proposed fringe-order encoding method based on N-ary sinusoidal
codewords performs outstanding coding flexibility and efficiency while breaking through the limitations of the number of

fringe orders in phase-code methods and overcoming the sensitivity to reflectivity in Gray-code methods.

Methods A temporal phase unwrapping method based on N-ary coding is proposed to realize the 3D measurement of
colorfully complex objects. When measuring an object with a large range of overall surface reflectivity, traditional stair-
shaped patterns face the difficulty of quantization of an excessive number of fringe orders. During encoding, N-ary
sinusoidal codewords are successively extracted from sinusoidal phase-shifting patterns to replace traditional quantized gray
codewords. It is worth noting that the edges of the extracted N-ary codewords coincide with the 2x discontinuities of
wrapped phases to reduce the mismatch. By numeral system conversion, N-ary sinusoidal codewords are embedded into
different periods of projected patterns to achieve the encoding of fringe orders. During decoding, the differences between
coded patterns and N-step sinusoidal phase-shifting patterns can be first used to calculate N-ary quantized patterns by a
loose operation [Eq. (5)], and then a unique fringe order can be obtained by reverse numeral system conversion. To
remove the mismatches caused by the defocusing and noise of the system, a fringe-order self-correction method [Eq. (10)]
is used to correct the jump errors around the 2rn discontinuities of wrapped phases. Finally, the absolute phase can be
obtained by the collation of the corrected fringe orders and wrapped phases. In this paper, an object [Fig. 5 (a)] with
several planes of known height is measured to verify the feasibility of the proposed method, and some colorfully complex

scenes [Figs. 8 (a)-(c)]in our daily life are further measured to demonstrate its high performance.

Results and Discussions For N-step PSP, M-coded (in this paper, M=3) patterns can mark N fringe orders, which can
effectively improve the number of fringe orders. In this paper, four conventional sinusoidal phase-shifting patterns provide
a high-quality wrapped phase, and three quasi-sinusoidal coded patterns can be used to extract the corresponding fringe
order map independently. The results (Table 1) of several planes with known heights show that the reconstructed planes
with different heights are very close to the corresponding standard planes, which verifies that the proposed temporal phase
unwrapping method can accurately obtain the corresponding fringe orders of wrapped phases. To obtain fringe orders, both
Gray-code and phase-code methods require rounding operation, which generates round-off errors. Overall, the existing

stair-shaped codes have high sensitivity and great difficulty in determining numerous fringe orders due to complex shapes or
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texture variations. Facing complex surfaces with a large range of reflectivity, the proposed N-ary sinusoidal codewords are

considerably self-adaptable to non-uniform reflectivity due to the loose quantification processing. The analysis of theory
and experimental results indicates that the proposed coding method has higher coding efficiency and robustness than
intensity-code methods, and is more flexible and concise than phase-code methods while breaking the limitation of the total
number of fringe orders to recover the absolute phase more accurately. The validity and superiority of the proposed method

are confirmed by experiments.

Conclusions A temporal phase unwrapping method based on N-ary coding is proposed. By extracting the codewords
from phase-shifting patterns to replace additional stair-shaped codewords in the existing TPUAs, the proposed method
makes encoding and decoding more flexible and efficient. The experimental results demonstrate that the proposed self-

coding method features high robustness for measuring sharply discontinuous and colorful objects in practice.

Key words measurement; {ringe projection; temporal phase unwrapping; {ringe order; N-ary coding
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