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Abstract: A phase unwrapping algorithm with generalized fringe pattern sequence is proposed for absolute phase
measurement and phase reconstruction of three-dimensional digital object surfaces with complex topography. Firstly,
various phase reconstruction techniques based on temporal phase unwrapping are reviewed and the problems existing
in these techniques are pointed out. On the basis of such analysis, the detailed comparison between the fringe
sequence algorithm based on positive exponent and the algorithm proposed is made in terms of the noise immunity and
computational complexity. It is shown that the proposed approach has better performance. In particular, the fringe
sequence algorithm based on positive exponent shows severe noise in the case that the ratio of number of fringes of
successive patterns does not equal to 2, whereas the proposed approach is able to work well as usual. Furthermore,
the proposed approach can determine the number of projection desired fringes according to practical situation, leading
to less encoded fringe patterns required for phase unrapping and decreased processing time. The theoretical analysis
and experimental results show the validity of the proposed algorithm.
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Fig.1 Setup for 3D digital imaging system with

digital video projector
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Fr 510 %5k 49y e 3% T SE AT G B A TG 45 80 A 0 19 G B AR 8L
B, HAHALE S R R ERRA A WFHH
B HZETCH 1 B, GB 9 - IE B > 48 48 5% B0
BEIMMHEMLMEEREITE, FH LA S8 E 1
T B4 AL kAR B BB TC AT B i SR TE T A 4B R A
L, FEAMEEAT, 4 A BB E AT B A
MEZEIMHEMZ RGN EALE R 150 WEHE
RIS ECECHR 1 MAIALED » #3222 SR 0 B 7] 75 3]
B3 3R 01 0 SR AR AL
2.1 EIRBEYFINEE

RMESR BT 5N A2 R M A S B A%
SRBENASBEZEZNTET 1, ERHRHBMN
W, AR R SR B ERFERERENE
B UM NERRE RSB R s i RBE s BT B
AL, R RS SO 6 TR M B Bk A
TR, MBI REUMEFERE 4 BRI HR
BE,BLBIEEIBREFE 4 BRAFEE. B
W, BN TR =4 EE i R R RAER .
T R R R E I &S0 T B, 4R R Rk B )
F,Zhao F IR B R AFM AR N AL HBE
BEATMIOLRFT R A R BB 1 &SR B
Fi— R AR BB B GRS 2R BU 3T B AH A B AT AR AL
BE., RARERRERERNEL T RIEHZEE
WM. (HFELRRE L, X8RN R 1 KA E
e H 28 5 52 P & Fh 52 br 0 B B 2/ 52 T = AR AR R
PR S, X R R FS 7E X R AR U B i T B A AL
HOTRARSSFH™ENE R, )5, Huntley
SN AR R N A SRR EUE KN A BUF
BT YA AT, I 2 IR B R, KRR R
KB FTENRG GG EBRE TS E R E
W s BB bs+1, TR EHERDHRIRE
B BB & P RIFAHALE . BESRNT



1158 b =3

¥

#H 26 %

A¢u(2t’t) = U[A¢w(2t9t) 9A¢u(t90):|9
t=1,2,3,4,-,lbs

Ul 81 = — 2n X NINT(S{’IZ—;%),

A¢u(2t9o) = A?Su(Zt’t) +A¢u(t90)9

He t BRUHNKLEHE , A8, (2t,0) = W[4, (20)
— . (O], BRAMEBH RO R E T B EME,
NINT Rx & RABRE,
2.2 HIEBEYFIHE

RTIR B B AT M AL S5 2 M LB A &%
RAHRNMEMERE, IR TR ERRELHE
BB WA PLE RASE , HoAth 4y BB B LR A &
B EEA, TASS5HEREY AR E
fH. XFEFHERBMWMELE B TEER KR
WESBRAERIASWA A, HERFLAEE D]
MITBHEMEFEREZN S T EEIERNEE
B . SR AEGE S AT A 15 B0 R T A ALME S BAS 1T
B 2 e L AE RE AR S AR T R AR E o, WA ]
REAME i T U — Fh AR S g B B T Y B IR 22,
BEMERE. Huntley S T RALERFIIEE
B B B SR A

o = DQA$, Gt — 1), [BE QW = 1/5].

R FE RS BARBUT S LR, BT D&% B
ERRES NE 2 Rl LE W, E3E B &LUT 5
B RSP M-SR B R B & B R A&
SRy EX R R ST A T AL R E T R
FEHRBRKEWE. ABEBRIFI AR KRR ZE
YRR EMESEEN sos — 20,5 — 28,0,
s/2CHNIE 2, MG WM B FRGEE N 16, FERE
B EEE P AXRERR), XM RA
HEPERZSE X B, F I AE %8 4 1E AL
Fr 5 5 v 10 1) L, B 450OKS o b A 3 il 2R A 3R ML
Kinell #1 Sjodahl X fft 8 1 4 805 51 5B ¥ 0 T i —
BHEHT . BN R R A B &
0] RIS R 8 A 3 B A L 1B R T DA #E 4T A AL R
FF, 7 L3 R B Rk I B R R TE. &R
& e=[2"",s], Kh e B TFHI1,2,-,8]1(g<
1bs) , BEERGRNEZLE N sos— (e, HINE L
PHTER,i=1,2,,m—1,m ATLEEEO, RH
XFEESUFFIX Y AR E HTRG, BT HEF
&S EW T RS MO RSB .

A‘}SU(S*t,-,S*t-TH) - UL[ASsz(S*ti,S*tH»l)vA¢u(S95*ti):|v
A (sys—ti) = AP (55— 1) T AS (s —£;95 — £i1) s

lh[ﬂa)#@ﬂ]==ﬂh)—2nXPHNT[

(1) —T¢(t2)}
27

HPT=(r—t)/t1,88,(s—tiss— 1) BIIHEM
i SCHRBI 7 B — 2.

YT =1 i, Kinell-Sjodahl 2 B 4k i Huntley
R RERRLRSL. ETER/D BN RN
T

o () + D) [s— (@) Dbyls — (D]
£+ E[s—t(i)]z
AP B AL WP IR R0 R~
Ap.(sys— 1) = WLAS, (55— 1) ]

A THRIERR AL BR s — (s— 1) = t, < 1(—%
B, =2 =D AR o > 1K TIEEMIHFT AR
F I BERLSF I BB FIERBELFIA
BN RERAERYER BN ERBELBENE
KA SR BCBER 1 B K BV AT, TR — A8 H A B
YRR MR BRI E , SRESRIX.

KL, RS S 81 8 3 3 2% OB LR 7 AR AR AT
W 5 T B0 18 ROAR SO R A AR BR R E K
RESE KRBT LIS A5 N AR 8ok R, Xt
TRIGBRG AL, ~EWEHEEWRABERT
B B = 4E R R, B AR KA BA R R
BOR X SR RE T I B ARSUFSIRIER N .

3 T XA S AL R A

HT BRI R E R E RS RE, A
Fi Peng "V T 382 Y A9 B 1R 4 AR A7 B B A0 IR &K
1, A SCHRE M —F T AR 9 4% S0 I Ry B 1 A L i I
B, BEBAERAHRXER: 0w = 8.()/6 =
$.(22)/t; s BRI $, () = ko ,(21) sk =t,/t1 , FTLAT] LA
K koo b (1) WERLE N 1. WISZFLEBBIWT
BT R



8 ¥ H%F. TXEAQBERIIGERNMENER 1159

' (1) = ot 2nn (— << o< mon HEHO,
W ¢, () = @ FTLA,

¢, (t2) — 21t X NINT[SISW(Q) — kb, (t1) ]:

2x

o— 21 X NINT[Q%"")]:

¢+2nﬂv (1)
MEXTR, TUFHELBR R 6.0 X
$u (2,) BEATAALIRTF, B

$.(t) = $,(t,) — 2 X NINT[

¢w(t2) 7¢u(t1) M k]
2x ’

(b =1t,/t1) @
AEEWESFFI% R Huntley 38 1 # TE #5505
gUFs . Hi, ABERTLEBRET LB HALE
J7 3 B4 4 7 JR T AL

WIFEAR Q) MBHEXR, 20 BT LKA
BNREBRSW FSE W RIFMA ARG, BRA
B/ e rki@ o A IR AH AL SR BB 9 R R R oy
K BITABEMRBBES o115t 5510 ] BIT
BN R ARG A -FEB M RAREN o
W SE R 3815 3 i B T A A28 5 0618 1 22 - 7

1k
E= Zm] Lw't; — $, ()% 3

(3) RFRREIRE. N T HREER EBARD,
(3) % o KRS R R 0, B

aa—f, = ZmDZti[w’ti —¢.iD]1=0,
B RAER D R T R A RME o h
W = it#ﬂt,—)/(itf). 4

4SRN SBE AR ) AN TR] A2 2R B A A
1.1 EEBEZYFIEHERFRRENSH

BB RAMA R A4.(22,0) = ¢+ 2nx
(< o<, BMN 6,20 = ¢, FEBHH
AR LA AR ZE MR 75 , 55 6 AH SR I A B J I AL A7 7E
KK |e| < n BgMEFS, B

A, (22,0)
2

AP, (£,0) = —|—s:—‘(20—+mc+e, (5)

MR R A Wi 0, A T UEs

¢, (1) = W(gp/2+nn+e) = Wlnn+ pr+ (¢/2 +e— pr)] = ¢/2+e— px, (6)
He p B—NEBEGRIE(+ p) AEBELCFNER(@/2+e—p) € [, + 710
A, 2t,t) = W, (20 —¢/,()] = W(g/2 —e+ pn) = ¢/2 — e+ pr— 2gx, D
H g B—NBEGRIE(p/2—e+pr—2g1) € [— 7, + 1) JH A+ p) HEBE T (n— p) WRMEBELH
.
A, 2t,0) =U[A " $,24,0),A8,(2,00] =
(¢/2—e—pn—2qn)—2n><NINT[(WZ*“:JFP"*ZQZ’;)*(WZJ”“‘J”)}:
(p/2 — &+ px — 2q) — 2z X NINT| = ("*P);‘; zqn—ze}:
¢/2 —e+nn+ 2x X NINT[e/x],
S SNk ]

AP, (2t,0) =AF,(2t,0) + AP (£,0) = (¢/2 —e+ nr+ 21 X NINT[e/x D) + (¢/2 +nn+e) =

@+ 2nm + 2m X NINT[e/x].

®

T N AR AL FF A TR AR, A, (21,00 = A$, (22,00, LA |e/m | <<1/2, 80 |e| < n/2. T LIF

WA RSP RIT, AR RIEER.

4.2 AXHERERBENSN

BEERFOEARRIFMAR 6.(22) = o+ 2n1, (—a < o<1 b, () = o, BB BWKME LSRR
FFMHBLAFTER AR e MR, BI ¢, (1) = 6, (1) +e, MHRAMBLRIF AR () 1, Il 6.(1) =k + 6, (1)

8, (1) =8, (1) —ZnXNINT[ -

¢w(t2) _ |:¢u(tl) +€):| * k

¢w(t2) _¢/u(t1) ° k]:

b (1) — 27 ¥ NINT{

}=(p+2nn—2nXNINT[§€—K], 9



1160 b =3

¥

#H 26 %

o T (NG S A AL SR TR 7 AR R, U B SR A

e W 75 0 AR ATE NINTB—i]=o,E?u
‘;E—n <%, e < . (10)
TR || TEH MR S S7, B (10) AT 2

k= 2 B}, A 307 1 M IE 48 BAR GUT 51 O vk 1 W A 4
BESIHEIR o 2 k<< 2 b, A SCRIE LIE SRR BUF S E
ER BT RS X EWRE , RS B

FRT n/2, IEFREAR EUT 55 B8 To ik IE A #1741
PrEE, A SCH BT LR A k< 2 WARSUF SIS
FADL B  BAh , A S5 1 b W1 UTE R 75 /) T AR 00
TR > 2 MRGUFFIHITER, AR ARDH&K
S E LA LA B R PR (S A 3(D 1.3
T k£ 2 WIHOL, IEFERURBUF S B 1L IR 75 S )
SMRTRE BEEXEATERMWMALERIZ R
&l 3Ce) 1. HBLIERIA U A BA BB

@

®)

(©

Y]

@

Q)

)

B3 ZLB|ER, () t=10, (b) t=20, (o) t=68 FMITEMNE,(d =20, () =68 Bf EFR KL T,
(D ¢=68 WA I ERBH RITHEME, (3D BRHEHBE, (3D MEE, (OHIHEAE
Fig. 3 Experimental results. The wrapped phase map at =10 (a), =20 (b), £=68 (c). The unwrapped phase map at

t=20 (d), t=68 (e) with positive exponential sequence, t=68 (f) with the proposed approach, (g) Color coded 3D

image, (h) 3D mesh, (i) 3D textured image

4.3 HESERESH

TEBRAT 4 B YK 4 5 2% SUIE B 3T B AR L 53 A U
IEERBRGUFIIRE R BB BHMLER ZHT
SYWBE T RITHTE 6 KBR, FrLl E#HH K
SO PR kAT — ML BT AT 11 Wais ..

BrA ARt 4T n WA AL R IT 32 B, IE 38 BUAR BUF 51
BEMNBEIERERN T=001n), #HAATERE
M E—PRITEAIBNFE 6 KIHHE, Frm
R#EF n REF, ABBEHNEHERED T =
OC6m) ERF A R AL b, A SRR E I IE SRR



8 ¥ H%F. TXEAQBERIIGERNMENER 1161

PRI A — s, AR BB R Peng' 7 42 1
H T 2 A% 1 B A R B P OB 3R 2R L 10 TR 4
] AARGE 0 s S B e B2 SR AR IR B0 SR B FE 4
REWFRLE HE— PO BERRENZENE.
R, B =M R R A ) R AR B —
A, B, A SCHR M B R AR ER T AR

5 BkSLmER

AREBRGEWEHWEME 1, Hp RQEMt
HAEBFRYRGETE, LR ARG HH BenQ A
AT H) PB2125 BEML KB ENSE R LR E R
1300 lm, $RUESF P22 % 800 pixel X 600 pixel, CCD
B4PLEH JVC 5 TK-C1481BEC ¥ 4 CCD,
HAVLR AR CPU R #E 4, £ H 2. 80 GHz,
BERGTLBRERE T OHEER 150 mm,
ZEVTHBBEBRE T OCWER S 1380 mm, x J
B y J5 [m B K/ 2k 233 mm,

LT, DA E LB BN, 2365
MW KL 10 B, M BB A=A &, Lk
Hoa& M. SRAR NG N RSO 58
20 # 68,43 BN t=2 M t=3. 4, B = HBE
BB RIS &S S A A E A 3(a) ~ B 3(c)
Bz, IE48BEREUT 51 A 1 M A SC B R B —
W 512} 512 H7 240 i B 347 46 A7 ' I 39 6 F 1
A [E] 43 %1% 18. 53 ms M1 10. 70 ms. FIFHKLSE R
10 By AL BT XF SR BCCH 20 AT BAHALE =2 17
JRITE, R ERB R GFI R EMALERELER
R— R, B 3(d s TR SRS 20 By R ITAH
LG5 R LR = I 2R BU8K 68 T B A AL AT R I
B, IEFRBRSUF PR R T WA R, i 3(e);
MARSCT BARR BB EM R, ME 3(D, B&=
HEBLERME 3(2)~BE 330,405k 3D E sk
TS 3D R E Mg A .

6 4k B

AR T —MT XA SE R AR
FEE. YHEHM KPR ZEET 2 B, A
BIERE I B Huntley 8 W IE BB RLFINR

He MIRMA RS RN R REHETT
TRE B2 . 18 Hh 5 IE 38 BUR SUF S M AL R IT Bk
HE G, B vk B B A B R R 8 R SE IR Bk
RRBEURERMREN . A7 % LARYE b
A R 53 1 O NG BE 2SR s LR 2R U B 2R, AT
W R RENKEGEH  RE R KR,
Wor BT SR 45 RAUE W T B 15 1A 3

s % X &

1 Frank Chen, Gordon M, Brown, Mumin Song. Overview of
three-dimensional shape measurement using optical methods[J].
Opt. Engng. » 2000, 39(1);: 10~22

2 Zhang Zonghua, Peng Xiang, Hu Xiaotang. A new color 3-D
optical imaging system[J]. Acta Optica Sinica, 2002, 22(8):
994~998 (in Chinese)

KRE, Z M, HANE —RREREZSERGR R
X IR, 2002, 22(8): 994~998

3 Tian Jingdong,Peng Xiang. Approach for 3-D digital imaging via
position-shift point array projection[J]. Acta Optica Sinica,
2005, 25(10): 1319~1323 (in Chinese)

HHAR.Z M. MEREREN=2HFZREI]. 222K,
2005, 25(10): 1319~1323

4 Chen Wenjing, Su Xianyu, Cao Yiping e al.. New method to El
iminate extension of zero component in FTP[]J]. Chin. J.
Lasers, 2004, 31(6): 740~744 (in Chinese)
BR3cHe, 75 B, B 327 4. F B b AR50 B R P I o R B B
Fell]. Bk, 2004, 31(6): 740~T744

5D, C. Ghiglia, M. D. Pritt. Two-Dimensional Phase
Unwrapping : Theory, Algorithms, and Software [M]. New
York: John Wiley & Sons Inc., 1998. Chapter2 ~ Chapter6;
31~309

6 J. M. Huntley, H. Saldner. Temporal phase unwrapping
algorithm for automated interferogram analysis[J]. Appl. Opt. ,
1993, 32(17): 3047~3052

7 J. M. Huntley, H. Saldner. Shape measurement by temporal
phase unwrapping: comparison of unwrapping algorithms[ JJ.
Meas. Sci. Technol., 1997, 8(9): 986~992

8 J. M. Huntley, C. R. Coggrave. Progress in phase unwrapping
[C]. Proc. SPIE, 1998, 3407 86~93

9 Peng Xiang, Qiu Wenjie, Wei Linbin & al.. Phase decoding
based on temporal-spatial phase unwrapping[J]. Acta Optica
Sinica , 2006, 26(1); 43~48 (in Chinese)

% ML,EXA, B . HuRENN-sERAERII] A
$ %R, 2005, 26(1); 43~48

10 Lars Kinell, Mikael Sjodahl. Robustness of reduced temporal
phase unwrapping in the measurement of shape[J]. Appl. Opt. ,
2001, 40(17) . 2297~2303

11 Hong Zhao, Wenyi Chen, Yushan Tan. Phase-unwrapping
algorithm for the measurement of three-dimensional object shapes
[J1. Appl. Opt., 1994, 33(20) : 4497~5000

12 Xiang Peng, Zhaoliang Yang, Hanben Niu. Multi-resolution
reconstruction of 3-D image with modified temporal unwrapping
algorithm[J]. Opt. Commun. , 2003, 224(1~3); 35~44



