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Abstract This paper first uses the phase-order encoding and modulation methods to superimpose the phase-order
information into the phase-shifting image, and then proposes a method to directly use the phase-shifting image to
unwrap the phase. On the projection side, this paper firstly proposes an adjacent non-repetitive De Bruijn sequence,
uses this sequence to encode the phase order, and then modulates and superimposes the periodic order code sequence
into the multi-step phase shift image. Correspondingly, in the decoding stage, this paper demodulates and
decomposes the wrapped phase and period order coding sequence from the captured phase-shifting image at the same
time, then restores the true period order information through sequence matching, and finally unwraps the absolute
phase accurately. We take the four-step phase shifting method as an example. Compared with the traditional
temporal phase unwrapping algorithm, the method in this paper reduces the number of projection images from 10
(64 phase periods) to 4, which improves the measurement efficiency.
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Fig. 1 Flow diagram of temporal phase unwrapped algorithm. (a) Phase shifting image; (b) wrapped phase;

(¢) Gray-code image; (d) order of each period; (e) unwrapped phase

BB AR R T SRR Y 28 B A% T O SR AR L
ANEZ=E VI DA S G =R Ly 7 (I
Zhang %9 F 2012 AE4R T —Fh ELAME TS 9 7
1207 T8 R LA A B 1 22 A Bl 2 A T
A5 B 0 A 9k A8 300 9 57 T A AL ] 40 e ] D e A
fiff A ek A L B A D ) S0 R S R SRS T
4 1) 705 SR T o IS B i 2 2 1 40 LA i B im AH
VR B LA B A AN — 3K & X i P REAR T
T R s Wou 2510 T R Y A 2 1 4R
TG BR TR B A 7 FS A B A 0 XA SR s
() 52 A% 5 5 76 DR 457 B R A ey B8 AR 3 ) [ sl 9 20>
THGEAR A E R B, DU s I e, BE
it bR kA SR JC 1 b e 7E AH B g A 1R DL AT
BOC RIS ELR . TR SRR AR HE IR
T2 R 8 2 5 TR AR 2 1 458 3R Ay B R A5
Bk () WG/ Z MBI o (xvy) by DLAE L —
ANETM ¢ (s y) ARG FIHE M o (2 y)
AU RS g A AR . PRI, 455 (2) SR A Hh B 2R A
S R AL & AL R o (s ) AR A WK 15 B
k(s y) o SKFETT DLLEAS 38 0 4 B KR B9 1 O °F 5 58
R 7 B i B B 45 A L 4 T %

3 ARSI
ARATE S 2 4568 DA Ty 12 1 I DA

A ZE A AT R A b T A A AR AR SR A R
FEor BT AS SCERE L I A
3.1 BELAESENEREEHFT

MNF—METH m AT EILE S= s,
syttt b n Brom JTTEA & R F S D Gnan) 2
—AH m ADFSTTH R B m BRI T A
ST S S R ITH K EE R o (TS
TEJF N D Gm o) AU B — R, IE & B o 18 4 &
FE B 93X — 4 a5 L 1 22 18 14 4 6 g A T R
A R P SR B S5 SO AT b . R Ff A ot A
R A8 e — 25 B0 S H AR 3T 2% 80 B AT ) 1 12 2% SUAE R A
i EUR LS . R AR AT & X 5 6 SR a0 AT
ity AT DL v 25 S0 VG L A oA 1 L BRI DG I o R A B
RS B VE R, D, AR SO B R A A
R 750 X AE S TG00 SR G A B AT s

SR F) FH A AT - DXL I 900 % 465 44 O gt i 5145 i
17 9 5% i) 75 22 25 16T 51 vh AH 4B A5 5T A [R] 53X — [A] 2,
3 2 PR Sy 7 Ao B B Ak P — i H R [R) A o ) LA
RS TT S B DL R A RS T ) 2 Ok {7 & . Zhang
LSRR T — ol 9 A 3 R T o T A X A
Y A T, B

D'=D,_,®D,, 1<i<m", (3

KD, WEAEGHFH D On.n) PIE « ~J0



MR

=42 % £ 9HI/2022 F£5 B/RFEHIR

D) N A BT S DR R AL BGE .

A W IR S W B g5 )F 5 DL €S, B2, Hidi
T 7 1% 1) 3 S AR A 2B B g ) 4% BT S K T A
HF 3 D Gm sn) #3K(5) 47 Fil gm0 L R Ji5 A 4l 2 A~
T4 5% 7 51 D' Az i gt 25 80, LA IE A 4R 45 80U A
R CEE R IC) . SR 3% 07 1 7= A 19 10 2 1S
G DR PR A8 A R P 81 PR U A A 2 AR v Y S L
D i 550 o8 JC V8 R A 4 R Y 9 F R AR A X —
Ferk, IERME, CHRC 18 TR AR M T 27 mdh s
FIA VT e 57k LR IRV B ROR

AR SR F — ol G e 0% B Ay 7 BRL L Y O K
fiff Ve P A 5 R T AR AR RS T A R ) R, B AR
LHI A= IT 6, HAZWS It 6 A JE TS oo 4k
S, ZMIT b BAE R A R 5 A Y
S0, LA IR AR 42 4 o0 1 5 &2 1L BB IR S o
M4 A B 5 TC 5 19 15 51 S & 42 A 3 52 1A 6 9 )y
Atk D Gnyn) o BESRE I A 3 A KLy - 3% T
ZHEAAERITE) D Gnn) YRS T T %
1 P AT — A5 G D0 R R A O b B 4 X A G . 40
WEE HETFH D Gn o) TR FR R BT
FENBEVE 1, BV SR 8 52 18 45 & A 7 91 A i, B 1k
1 A TEAR G K5 D FMBESRS IT b . 5 il ok

ARG EMEGHNIFS) D" AU
D'=D;

for i=2 to length(D ")

if D; =D/ | then

D/ =b;

end if

end for

ﬂ@tﬂ%wmb—‘

return D ”

ZIKSC ﬂlﬁ&n*ﬁﬁ‘ﬁéﬁﬁ%ﬁﬁ%kﬁT 64 > AH A
JEHY S A TR B R A B S B Be . om =3 5
n=4, RN BEA ELEMA G TS D (3,4) %
JA R OAF BT by . Horp iocdE S S=1(1,2,
3V RS IC b =0, TEUHWE, T D" (3,4)
M JEN 81, A U AR U TR AR A 18 A
P 91— BE Sy 64 f - H3 . TE AR RS I K e SR 1
JC b HIEHT— A oo AR ), K 52 S 5L b 1) 7 A
B 5, At AT DTG D0 AT R R AR A - R 4
RO TE & 0 R TR AR D B R

AR B R B e % 5% T Iy A an il 2 s, 3
ok SRR, D S TEA & KPS, D " O A
WA T J5 0 SR 5 1A - R Y 4

k|0(1|2|3(4|5|6(7|8(9|10/11(12|13|14

5116{17(18119|20(21|122{23(24/|25(26(27|28|29(30|31

Di1(2)3]|1(2|3|2(3|1(3|1|2(1]|2]3

DY 1|2|3|1|2(3[2(3|1|3(1|2|1|2]|3

k |32{33|34{35(36/37|38({39(40(41|42|43(44|45/|46

48149|50(51|52|53(54155|56(57|58|59(60|61|62(63

Di1|1]|2]|2

[SS]
[SS]
—
[S¥]
[SS]
%)
w

2(2(3(3(2]3

31113311 1(3)1]1(1]|3]|2

[S5]
—
("8
%)
(o]

D*1]|0]|2

]
o
—
]
o
(3]
(5]

2|10(3(0]2(3

31113(0)1]0(3)1|0(1]|3]|2

]
—
(")
%]
L]

P 2 A SCR A 390 9 0k 44 1 1 51

Fig. 2 Period-order coding sequence used in this paper
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1. RS=R, | .+ ,DS:DEW ;

2. len=g—e+3,len,=C,—C,—1;

3. Op_C=ones(len). * null;

4. Op_C,=0,0p C, ,,=C, ., —C, ;3
5. Min_Cost=0pt_Cost (RS ,DS ,len ,Op _C);
6. C"=C,C,,=0p C,,, ,..+C, ;

7. return C ™ ;

8. Function Opt_Cost (RS, DS, y, C):
9. Cost =ones(length(DS)). * inf;

10. if y==len—1 then

11. mCost =dist(C, ,C,+,)

12. return;

13. end if
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14. for i=1 to length(DS) .

15. if RS, ,==DS, then

16. C,,,=i+len,—length(DS)

17. TS=DS (i +1:end)

18. Cost,=0pt_Cost (RS, TS,y +1,C) +dist
(C,,C 115

19. end if

20. end for

21. mCost ymInd =min_and_index(Cost) ;

22. C,yy=mlInd ;

23. return mCost ;

24. End Function,
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Fig. 9 Reconstruction process of facial mask. (a) Image of phase-level encoding; (b) wrapped phase obtained by four-step

phase-shifting method; (c) absolute phase obtained by decoding algorithm proposed in this paper; (d) side view of

reconstructed facial mask
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Fig. 10 Analysis of workpiece occlusion. (a)(e) Workpieces placed in two positions; (b)(f) wrapped phase;

(¢)(g) wrapped phase after removing phase outliers; (d)(h) unwrapping phase
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Fig. 11 Experiment of 3D object reconstruction. (a)—(c) Objects to be reconstructed, which can be divided into ceramic

pot and workpieces placed in two different ways; (d)—(f) reconstruction results
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Table 1 Comparison of results of three reconstruction methods

Multi-frequency heterodyne

Gray-code plus phase-shifting

Method Proposed method
method method
Root-mean-square /mm 0.4637 0.2526 0.2473
Number of images 4 12 10
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Fig. 12 Results of 3D plate reconstructed by three methods. (a) Proposed method; (b) multi-frequency heterodyne

method; (c) gray-code plus phase-shifting method
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