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Abstract A technique combined multi— wavelength phase-shifting interferometry with principal component
analysis (PCA) is presented. By using a monochrome CCD to simultaneously capture a sequence of in—line phase—
shifting interferograms with random and unknown phase shifts at multiple wavelengths, the wrapped phase
information of each wavelength can be constructed through using the PCA algorithm. Then an unambiguous phase
of an extended synthetic beat wavelength can be determined by multi-wavelength optical phase unwrapping and
noise reduction. Both the numerical simulation and experimental results show the simple optical measurement
process, fast computing speed and high resolution of the proposed method.

Key words measurement; interferometry; phase; phase—shifting technique; multi-wavelength phase-shifting
interferometry; principal component analysis

OCIS codes 120.3180; 120.5050; 0560.5080

15 F

HARS T80 AR — b M G 25 90 T 250 B i A 8 Ot~ A 0 00 5 ) R A% S ) P B — A D' D
A~ 9 I 8 o R 3 R R R B DG B A B A S T RO I RGN AR L A A Bl 22 A D
K22 T i — A B SR — P R AT 22 1 A5 0 I B B K T 9 I (DWD)™ R 22 K B
(MW D)7 55 B2 I B T 90 0 e U, 78 DRGIE L 70 B AR A DL T, WA Bk 1 AR 62 (9 47 2 1R) 8 S 9

KT V50 Y FE o
I 5 H #5: 2015-04-07; Y 2/ 1& 20 f& H #5: 2015-06-04
HEETR: HHKHARR RS (61078064 .61275015 .61475048)
EE R LA (1982—), 7 1t )5, FENFHCT 2 B AE SR 5. E-mail: frieada@qq.com
SR B A B0 2 (1968—), Lo, B4z, W A2 T 0, 352 DA =R 6 2 fale il A A50RI 2 40 B 4 1~ 4R 00 56y TG 1 BF 5
E-mail: zhongly@scnu.edu.cn (GGl {7 B¢ & A )

1008004-1



S I S

TE 2000 4F XY R ET 4 BOR g s B/ Z i K F R My 2 SRR TR kR, B
TF 5 2 fif 412 B A KT 119 60 2 RS 400 7 3 5 X K 2 A 19 O 1 A5 B W AR Y SR A AR S
FR 11 =184 H 149 J7 325 08 2 M) P 44 2 2 Sl ol P ok 28 48 ) 8 Al D7 0, A5 — Wl 1P XL/ 22 i il 4 B T D
] O AR A AR L 0 A, T S BB A AR LI A RN I A S TR AR A2 B BR ) 0 452K 3%
DB T RN 7 S MR A IR BE LA o O AR R D BE, SCRR (1924 14 [R] b AR B 16 05 36 T XU 2235
TR LI A, 3 2677 9% D A B e, (R T BT sk 2 AL A KA D MRS 1 8 2 S IR X AR RS o 2R AT
TRERAE , AR bR AN I 2 Syl ok iR 25 o AT B9 I 58 IR 32 A v Al T A B TG R A BUE R T
B MR A B — B R OU T, 22 0K D5 ik AT BESCE K T 12k T g 198 00 6 R D BT A g Mg e i R o
T AT 1Y 22 A I 5 vk 0 R FEAR , Ol s 4t Ay S o i Bk T A2 2 ais B Rl K

VLA, Vargas 57 T — BB B T 32 0043 23 BT (PCA) Y BRI AR SR IR VL . AR5 B ARS8 Bk v]
DA T i RH B et oR R A AR RS 8 2% S rh 4 UM 45 8. 38 B0 ek ] e EL I A 38 v o AN DRABTZL v o =
Jo3 3 B R T XA [R] B AR S o 00 ™, DO X A A e EAT R R AR S, THIR B R ELRE RE vy, (H 2K
P A A 0 R ] 4 R A RE AR 2% o 7R 00 15 R R A b AR SCHR R T — R T 00 a0 B 9 22 90 I TR il 3 )
IR RS 8 0 4 07 1, X Rl 7 TR A CCD g 3 = AN B Y R IR AR RS 9 2 S0, M R o o B Rk 4
BCRAS AR B AL AR L 0 A, 285 20 IR A A7 A 40 B g W Ak BRUASE 5 10 R O AR 2 20 A o 5 XU T i 1Y
)k 55 SRR LU P 4R D7 T A 00 RS BE AR TR BEAS B TR R B4R

2 i
2.1 ZEKBEEBFLEYE

HEZPWRMBE T W R RGP, S =AU A A, FT A, BG83 %5, 7 36 cCD 1
1 I8 TR B 2 i K AR T 86 B A] LA R

I(x.y) = A(x.y) + B, (x.7)cos[@,,(x.y) +8,,] + B,o(x.y)cos[ @, (x.y) +8,,] + B,,(x.y)cos[ @, (x.y) +8,,] . (1)
o (o,y) BRI FAR RSO E, Ty T HRAE LA AS . n=0,1,--- N M T W ZSERIT .
A(x,y) Rm = AR TWH RI, B, (x.y). @, (v.y) F1 8, 35 R7R 5 i DB H T 5800 LB IR i
FADL oM AT FIAR RS 28 77 AR AR RS 1, i=1 23 R E =AW RFES . ()Rl /5 N

[,=A+B, cos®, cosd  ~B, sin®, sind,  +B,,cos D, cosd,, -

B,,sin®,,sind,, +B,;cos D, cosd,, = B,,sin P ;sind,, . (2)
N — ZRGNAHRS 38 P rpon] LA 58 1 75 50 0
15y -
b= L= 6

XF(2)2 ek £ 5, a) LA 3
I-u,=I1,C,. +1,.8,, t1,C, +1,S, +1,C.. +1,S,.,. 4)
K c,, =cosd,, S,,=-sind,, I,,=B,cos®,, I,,=B, sin®, .
ARSI I SR BB T LI AR LR G &R

NN,

N, ;\j
2 ]A[L]MzZZBi[COS(p)” sin®,, =0, 5)
=1 y=1

A N XN, TR RAS o TTLUE 25138 B rp 20 BOBOR T 1 IE, 5 BRI 55 19 22 30K R AR %
T 2 SUE AT DA il O B SRR B PSRN A SC R IE S AE S B & N . AR TR R 9 AR BURY R LR
A DX AT EATA S (4) =X A RN 915 5 02 BN A SR Y
2.2 ZRKTFFENERS T

SRy o3 M GE 2 v X [ B R A AT 4R B8 BOR R o a3 B T DURE T A S R i i —
A IESAG T ——F o 3 8 ok, 20 AT A 5 S T D) e R B 4 A AR 6 A o fBCE X BLAE T VI 22
KARR 9 45 ge B BEAT I 4, mT LA RE R

x=1

1008004-2



S I S
I=[1, 1,1 ...[N]"‘ , (6)
A EAR TR EARAERT LR n G RN M=N XN I ZPAARE T 580 .
A 32 173 75 125K 20 WA AL 9 PR 67 Ay acd 7 mT LA g A6
D) IR TR U7 225 1 C

C=(I-p)I-p) (7)
AP L=, X T (4R ZBRTFE FUHRAE, € N XN 1Y 52X FRAE [

2) VM7 2255 B € B X £ Ak« MR i S0 B B o i X 3 AR G PR B, A AE — S N B Y IE 38 AR 5 B PRI

— LA C YN A FRAEAE X A o0 2 695 f 5 D it 2 -
D=PCP". 8)
X By 22 B C B9 AR AR B8 A S A R SR (SVD)SE 3, D b R A (B 4% B K30/ A L HE 371
3) 3 3o 2R RS 4 15 B 1F A2 A3
y=P(I-p)=[ry. 7] . ©)
KAy Ly, ey AEREAE [-p, (IEZ FERSS, <y.y,>=0 , Hi<>FRHH, i#).

4) SREPA PR T B AL EE AL A - B (@20 AT PUANGE |, 22 553 5005 AU BE A SR SRS, Rk AW
BRI S AN REAE AR XS WL 09 7S A (B y00y 50y anyseye )o 24 T BRI R GUR TP RSB T 1, =K
Y 25 S0 HE B A 2 0 XS DU 6 A 32 B 434 X B A 5 1L Do s L asn s, o T LAAS B BAAS P K
TR AL AN

&, =arctan(l,,/1,,) = arctan(y,/y, ) , (10)
D, = arctan([A ) = arctan(y4/y'3) R (11)
®,, =arctan(/,,/1,,) = arctan(y,/y; ) . (12)

FH (10)~(12) AR AT B = A0 B2 A AL A 25 042 Jsy A0 245 5 A — Zry 1 00, ik 5L A% i ok O X2 K HE
48— B [i] — > 22 R A A5 o

5) A A AR A7 it A - A SR A BN TR AR L 20 A I, T LA 22 34 B4 07 36 SR A5 i I8 I B R A3 93
Ao AEE A R A R, T {1 £ 8 AR 7 it €0, 530 125 RIVAT B 43245 B W R Y B0 SIS RE A2 93 A

KA I PR 45 BAR £32.93 4 A

)] ,d.=0
¢U=¢M—¢M=zw%;-1J=2“h={ ' o (13)

A, A, D, +2m P, <0
Apij=1,2,3 Hi#. h AESEE MY &G 7™ 4 6 FE 22 (0OPD), A ’AL - SN RGN
(BB, HE R TAEE — A RIR K
SR BB A AL 5 A R
b, =D, - D, =2ﬂh(/id—AlJ = j“h = { qui:kzw Zf :g, (14)

1

A, A

i,y k=1,2,3 HiA#k, A, , = R = R N A A5 RS R
3 BEA

FEBL LTS, il SC 0 = B A = A OGO IR HE AT B, B K 4300 =457 nm, A,=532 nm, As=
632.8 nm , BEALL 0 95 A A B Y 2 B A A el (DR E o BB ANl B T 2R BCEI R/ R 300 pixelx300 pixel , 17F
T4 1A 1) 2 B 0 A M b =0.45(x"+y")+0.04 P(x.y), ﬁf;jﬂum, L -1.5 mm=<x,y<1.5 mm, P(- )& Matlab ' H
K peaks BRELII IS . 15 550 R A=80exp[-0.05(x*+y*)|+40 , = MUK 1Y T 85 5 200 HE BE 43 514 B.i=40exp|-
0.05(x’+y%)], B1.=60exp[—0.05 (x*+y*)]Fl B,3=90exp[-0.05(x*+y*)], Al A1 B,,»=1.5 By1, Bys=1.5 By — L4 T 33 0%
Z W K R A A% T 0 S s HERE RS /N BE HIL 43 A1 76 % 4K 632.8 nm i 4 B [0, 8w 3 [ . jﬂi@%ﬁ%ﬁé

1008004-3

Jt




mOE B ok
TEBRAE DL, T A B0 oA T MR RS (R M LU 59 R4 P s 30 T R
1(a) Ry BEALLAS 21 1) — i 22 30 (W] sl A A% T 95 2 S0, T L(b) < () BT (d) 23 1) Sk e 2 7 12 DK 33 i 22 KA
T v S ar B P R BT I A,=457 nm . A,=532 nm FIA;=632.8 nm P K T 43 3 A1 457 20 A .

50
_ 100

g %150
(=] A
3 <200
250
3000 300 3000 T
100 200 300 100 200 300 100 200 300 100 200 300

x /pixel x /pixel x /pixel x /pixel
P 1 (a) AEADLAT 300 A — RS 22 D K T) IR B 1 85 2 0 TR A i 48 B 4R B (b) 457 nmi\(c) 532 nm . (d) 632.8 nm T YL 4 AH 1253
Fig.1 (a) One simulated simultaneous multi-wavelength interferogram and the retrieved phase maps by the proposed method at
(b) 457 nm, (c) 532 nm and (d) 632.8 nm respectively
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Fig.2 Unwrapping phase of two and three synthetic beat wavelength. (a) Theoretical phase of two wavelength phase unwrapping;

(b) retrieved phase of two wavelength phase unwrapping by using the proposed method; (c) difference between (a) and (b);
(d) theoretical phase of three wavelength phase unwrapping; (e) retrieved phase of three wavelength phase unwrapping
by using the proposed method; (f) difference between (d) and ()
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Table 1 Processing results with different multi-wavelength unwrapping algorithms

Approaches S5—phase step algorithm SPCA AIA MPCA
RMSE /rad 0.0144 0.0153 0.0056 0.0821
PVE /rad 0.1268 0.0869 0.0480 0.6651
Time /s 0.1395 1.8520 63.3339 0.7586
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Table 2 RMSE with different algorithms before and after reducing the noise (unit: rad)

Approaches 5—phase step algorithm SPCA AIA MPCA
Before /rad 0.0144 0.0153 0.0056 0.0821
After /rad 0.0015 0.0010 0.0006 0.0179
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Fig.3 Schematic of simultaneous multiple wavelength in-line phase—shifting interferomeiric system
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Fig.4 Experimental modulation amplitude distribution at different single wavelengths. (a) Modulation amplitude distribution

at A1=457 nm; (b) modulation amplitude distribution at A,=532 nm; (¢) modulation amplitude distributionat A;=632.8 nm
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Fig.5 Experimental phase-shifting interferograms and the retrieved wrapped phase maps of each single-wavelength without the

measured object. (a) One of experimental multi-wavelength interferograms without the measured object; (b), (¢) and (d) are the one of
experimental interferograms at 457 nm, 532 nm and 632.8 nm respectively; (e), (f) and (g) are retrieved phase maps by the proposed
method at 457 nm, 532 nm and 632.8 nm respectively; (h), (i) and (j) are retrieved phase maps from the single wavelength phase—
shifting interferograms by PCA at 457 nm, 532 nm and 632.8 nm respectively
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Fig.6 Unwrapping phase of three synthetic beat wavelength before and after noise reducing. (a) Reference phase before noise reducing;

(b) reconstructed phase before noise reducing by using the proposed method; (¢) difference between (a) and (b); (d) reference phase after

noise reducing; (e) reconstructed phase after noise reducing by using the proposed method;(f)difference between (d) and (e)

R T HE— 0 W UE T B T Wk A RO TE DRSS IR AR AN AR (A BT, R B AR A AR AT I L 2 AR
JiEAH A2 #2 (RPC Photonics VPP=1c) I & BE Ky 1525 nm B0, 7E A K TR B 09 3 AR T 3 4% 8081 b bl
ML 32 M A AL 10 43 A1 220, 878 FEl N AY K /N A 221 pixelx221 pixel AY BT K AR R T35 S 808, 76 R FE 2
2 P K TR AR S T 5 2% a0 T b B Bk BRUA A% = 43 A 7E 632.8 nm P K R B0, 83 N Y 32 MH KN A
221 pixelx221 pixel #1535 8L A .

P17 JIT 718 oA 52 56 e 30 R A 57 A B 8 P BT 488 5 1 1 AR B B I R AR o A, L B 7 ()
APy A S 50 e SR A B 0 — i 22 K R A RS T B AR SR R K /N 221 pixelx221 pixel , B 7(b) . (c) Fil(d)
A3 50 R AT MR I S B o SR AR AR B ) — B A, =457 nm . A,=532 nm FIA:=632.8 nm P K FAIAS T3 S&a0d ., &7
(&) (O (2) 537 Sk ol FH BT 412 8 1149 5 1 DA 32 W AH S det o 10 1) 22 A ) s AR RS T 0 2% 80 ) vh S IO V0 AT 28 3 A AT
R M b B R X =457 nm  A,=532 nm FIA,=632.8 nm & T W Z A K. B 7(h) . G)FTG)7 7 0 DA 32 T B K
B #4520 1 AR AN T AT 28 a4 AT A M kb B A A\=457 nm . A,=532 nm FIA;=632.8 nm I K F 8943 Z A LA

8(a) F1 &1 8(b) >k 433l A FH SPCA BT $2 J5 v 11 5545 B (19 28 2o [ e ik B U 109 = D K BF 19 & B0 K AL =
3339.8 nm MY AHAL 3 A , b BEIF ] 43 51 K 1.6378 s F1 1.0097 s, P 5 114 25 {2 10 &1 8(c) it 7 , 34475 3] 114 349 7 R 15
7 (RMSE)°} 0.0856 rad, I 7A{H 1% 22 (PVE)N 2.3231 rad. 7] LA H 4l F T 2 10 7 2k B D s ELARS 7 3t X 2
W A [ B AR RS T 95 2% S0 R I AT AR A0 B4, B R 15 2 2 A b A R E R A7 A 17 BB E B B A X R R R T AR
B Aefs A A7 AEATT 5 B G, A3 5 32 1) AS 90 D0 28 o ek 45 1 44D 1 79 A 2 7 B A Ah A A 5 A 1Dl T R 2%

5 4% i
TE BRI 0BT B LR b, A SCER I T —Fh S T PCA B9 22 0 KARAS T35 0 4 07 v, 30 ¥ 6 CCD A0 7 — 20

1008004-7



4

50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200
x /pixel x /pixel x /pixel x /pixel

50 100 150 200 50 100 150 200
x /pixel x /pixel x /pixel

100 150 200 ] 50 100 150 200 50 100 150 200
x /pixel x /pixel x /pixel

Vel 7 ik R A 52 Al I 52 5 v SR SR AR B P AH AL T 9 2% S0 PR AR I B R R A B A L P o (a) A A 26 P A5 3 1 —
Z A R AR T8 2 BCIEL 5 (b) (o) R (d) 23510 D A5 W0 1R IR 52 56 b SR AR A B A — 1 457 .532.632.8 nm T IAHES T35 A5 5LAT 5 (e)
(O (g) 53 ) Ay T 48 77 1 B IR 119 457 .532.632.8 nm I (AL FEAH AL 53413 5 (h) Q)G 73 501 g DA BRLEE T (9 AR AL T 5 A s Il v fdi
PCA J7 B 4RI 457 ,532.632.8 nm ¥ 194 B A0 007 53 A
Fig.7 Experimental phase-shifting interferograms and retrieved wrapped phase maps of each single-=wavelength without the measured
object. (a) One of experimental multi-wavelength interferograms without the measured object; (b), (¢) and (d) are the one of the
experimental interferograms at 457 nm, 532 nm and 632.8 nm respectively; (e), (f) and (g) are retrieved phase maps by the proposed
method at 457 nm, 532 nm and 632.8 nm respectively; (h) ,(i) and (j) are retrieved phase maps from the single wavelength phase—

shifting interferograms by PCA at 457 nm, 532 nm and 632.8 nm respectively
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Fig.8 Unwrapping phase of three synthetic beat wavelength after noise reducing. (a) Reference phase after noise reducing;
(b) reconstructed phase after noise reducing by using the proposed method; (c) difference between (a) and (b)
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