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Abstract: An on-line Phase Measuring Profilometry (PMP) based on least-square iteration was pro-
posed to simplify the complexities of system installment and to avoid the influence of additional phase
-shifting caused by the non-parallelism between grating lines and object’s displacement in the PMP
based on synchronous detection. In measurement processing, the sinusoidal grating with arbitrary
grid line direction was projected onto an object, and a CCD was used to capture the deformed fringe
patterns. After pixel matching, fringe patterns were used to evaluate the phase distribution. The
phase-shifting was determined as arbitrary values by both projection system and object’s displace-
ment. Finally, the least-square iteration was used to calculate the phases. The experiment result

shows when the grating line directions on the reference plane are changed, the measurement results
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are stable, and the root-mean-square error is less than 0.169 9 mm. It concludes that the proposed

method relaxes the restriction of the spatial location of measurement equipment, increases the meas-

urement flexibility and makes the PMP more applicable.

Key words: on-line inspection; phase measuring profilometry; synchronous detection; pixel matching;

least-square iteration

mn\z

1 7l

T LA 2 7 i T K 2 28 7 1 E AT,
Tl ) A W K Je o A= 7 A ) A Bl A K P SRR
W 42 1= 5 (] B %o e s I R AT T R K
e T e A R ARG 5 BB A B T ) 3 AT Y
e A, T T 5 O IR 1 o 2 = A AL R
A B R ik | R R BT A 5 S B A B
1k R RE b A5 ) A D A TR T M 7R 2 A T 5 s A
AR N

A AL & % B R (Phase Measuring Pro-
filometry, PMP) J& 3& T 45 #4 )% 18 B (%) )6 2% = 4
8 IR () — e LAy 0 e R AR 2 TR AT
— B RS 7R B A a0 P R B AR AE R, i T
SR FH SO S5 VR TS AR A SO T S KT Ll B R IR
PR AR HUR, BA B R AR R, RTEL
YRR I . TR iR
K — AL Tz 3RS fff CCD A [a] B 204 485 3 1)
AN % o 1 v B B R R AL S W A2 A, X 45 PMP
fif AR AT R R 25 . BTG — [A R, AN EESR CCD
BB S i 5, i ZOR B WA HoA A5 I
MBS DA ] P A2 35 R HE 48 = di o ) e
T T s IR EUS TIRZ R . SEE To-
wa P A7 R A7 SR AN 5 B M 0 S = ZE R T R 42
A TFAELR =4I L (0 X R G R R e,
VTR 25 8 5 55 N SR R 3R DR e 4 A K fi
TRAS () Isf 220 411 55 3 19 A2 TE 2% S0 IR AR A 7%
A1 ) L, 32 5 T R AIR T X 52 L R 4R R A B
SR HH BT Stoilov B9k B 7E L PMP K
THa M % S 7= 2 ik A A5 5 ) CCD 49
AR R S AR SR, BB RILIL S ¥ )
B 7 B e Ab o 2% SO AR T 58 4 44 19 AH A5 43
A AT BRI d AR G S 0 A AR
[Fi) B 552 o A AFDHS B2, A ATD S 0 i 0l ) 4 4%

B FE AL PMP . 25 % 2 WA
SR BRI IE B )5 1) 5 28 SOMRS 5 1] 6
PN S S JUNWERY/RE S R S VTR
1 SR AR B A9 78 2 2% SR A AR RS B 2 T 80 2R ALY
FHFS d o e 2 S BUAH AL 40 A 2 B 42 1 ) 1A

e SE BRI A AR XE SEBLAH RS 7 18 5 W 1A s
B 7 1) AR AR L L RER DL BC R (945 A2 T 5%
BRI AE A5 SOMRS O 1) sl 23 77 A2 B I AR B B TSR
FH J 301 25 AR RS S5 T A i = 5T A RIS iR
28 T REAR T AROZ TH SRR B2 . AR SO MR T 2R
/N T AR AR AL 3 A RO R T
2 5 fif AR B0 45 T 2% SCIRT 18] 19 AR A% T LUK A 3
ER NN RNk kel VAR ES I U
e R A R

2 AT HRAMEAS L EGEL PMP

BT R SEA R BE R TEL PMP R0
Sl E a1 R Bl AR B AL A XD
6] &) Bz 3l o TR LR B O R SORE M iE
SLOCHHMER I TR ik = m, Mk o m iy X
Jri . BEALKOEH PO 5 CCD Wt CO &
T2 L6 O W5, POC T 5 6 i 4 £& 5 ) 3
H. WKW & ESEHRSE Y i LA 4%
il CCD [A] 2L R4 5 WiAB I 42 80, BT Ot iR
G AT AT RIR N

I,(xsy) = R(Cxs {ACx, y) + B(x, y)cos

[oCavy) + Gi— 1) » 2x/M]}i = 1.2, M,
D)
K R, y) AR R R ACx, y) AT 5
Heit s BCas y) BRSO LR 5 @ Coos ) W 1R R TH
I S BUR AL 3 A Wy Az sl A AR T g s
T S BCE B L AR, 77 A B AE A IR Y 43 A

WA, HITFAR @ KX Cr/ M) R AHFE LA,

XA [) B 20 0 15 14 78 2% B0 B i AT AR R DL D



%5 ) R A, S5 AT B e~ Tk AR 7 2 = g K o
TGy AW HR A Al T, (i 1,2, 3 e J }
| Ax X

D . e A A5 AR R B B A B AR TR 4k SO
(A T
2 I';(xy y)sin(2wi/ M)

®(x,y) = arctan - .

DT (s y)cos(2mi/ M)
=1

(2
$5e I 38 2o A A T LA B AR AL fe JBE e e
RAF YA = 4R I 43 A

BT Tl R S AR RS ik 1 7E 4 PMP
Fig. 1 On-line PMP system based on synchronous de-

tection

DAL 00 5 R 4 R — A AR A% 1 O
FAR 7 18] 55 Wy A az 2l 7 1) = BRIV 2607 1) 55 )
PRz 8l 05 1 A7) o RAE S BRI A b, AR HE AR
Mo 7 1) 55 Wy Az sl 5 1) 7 M 3 1, LI 4R 2 Y
FPME LR . R r iz 35 W OX 56
W T5 10 Ox AFAERU/N A 0, WP 2 Pk, &
SR A ) 19 A 408 T it A2 TP 4% S0 1 R AR B L 7
AXC AR 2 SU R R 7 [0 AP AE— Jb i Ay, 28
HRRIEEE . Ay A MR As. XFEIHH
Yy ARAL B MR B 2% S0 18] A 48 2 T 4% S0y
MR H 21/ M 2204 200/ M+ A8, W A8 FH il
JE AR AR RS S T AL L B 5l AR 1R 22
REAR T AR T S0RT

3 R TR FiEEREGAEL PMP

T ARG ARz 2l 5 A B T R A A X
FHRT B B AR SR T e/ R IE AU 7 31

() Pkizshr S () PRI R A
AT EIN A 1 22 I R TR
(a)Error caused by moving direction (b)Error caused by object displace-
of object not to be orthoganal ment to be decompsited along
with phase-shifting the phase-shifting direction

& 2 B RZETI A S
Fig. 2 Analysis of error caused by phase-shifting

FARBL oA . 25 B2 3 7™ A B B AR S,
] I5f 2] CCD SRR 19 M A2 I 55 8018 2818 R VL T
S B G R 53 A5 A KR
I,(x,y) = R(x, y{A(x,y) + B(x, y)cos
Lo(xsy) + CG—1) « 2n/M) + A5 ]}
i=1,2,3-M, 3
o AS YR AL A TEARFS J7 [ (1 43 5 77 AR 1Y
SFERORBAE . LR
8 = (i— 1) « (2n/M) + AS. €D)
W= C3) AT AL A -
Ii(xsy) = RCaxy W {ACx,y) +
B(xsycosLo(xsy) +8:1},i=1,2,3,-M
(5
WX G FE— LR RR N
I = Ay + Bjcos(e; + 6, (6
b TR R L WU IR AR R B L =1, 2,
<M, H M=3; j R 5w Z 808 S A
BERj=1.2. - Ny LR« 2R BB A, =
RCxyy) * ACxyy)3;By=R(x,y) » Bla,y) ;¢ N
% MEERSARALAE 0 HHE | WIAHES ZR B0
R,
3.1 BREREMLS T
ZWE TS SOCH AR 25 WS I 2k S & (8] 1) 22
St 138 A=Ay =-=Ay,B,=B;=+=DBy.,
FE X a=A;, by=Bjcosq» ¢=—Bjsing, N
(6) AT FRIR N :
I = a; + bjcosd; + ¢;sin 0. D)
s o, e, B SN A RAE A MN
AR, REE a; b, ¢ AT LLIE i fe /) ik
fift o E T SR A AH AL 23 A -
¢; = arctan(— ¢;/b;). &



1350 e KE TR %22 %
3.2 EnUERKREBE =
ZMEE SO TR MR R AR Y 25 5 ———
2 N 220 —_—
B3 Ay=A,=++=Anx, Bi=By=++=Bn., & ﬁ —————————
X (l/i - Aj ’ b,i - Bij COS&- ’ C/i - Bij sin& ’ JH\IJ;T‘K(G)EJ‘ ]r'.-'p.l‘x:f“(["" o o0 ‘T‘\I'.;’:j:xc] ——
K (a) PiPE (b) IfsAe® (o) URHIEE 434
RIRH (a)Measured object  (b)Deformed (¢)Modulation
I, = di+ b’iCOSGDj + C/iSiHQDj. D) fringe pattern distribution

oo B, EXUE 3M A KA E A MN
AHRE, RAE .0 AT LU i e R
R, HEMRAS AR B

8, = arctan(— ¢';/U'). (10)
3.3 WrsgHER

FHAQOER Y —HHBE & ER T —
WA C R, HELH M2, AL
fdr 15045 B A9 AH RS B A0 (E AN W2 0 SR . TRl
B & R AR 22, AR SET ak A0S B i A %
WECk R, 2 rRERBHEZE, WR
i 2 -

max | & — o' | < e 1D

D175 2 74 AH AL 53 A B Sy S 2 i SR AH A2
fi. Al max RaARKKRKREZBH, ¢ &2 —1
/N

AR R i AR B 2 5 18 50 R Kb
PABCR TR AH B 20 $ Mk s . 12 R /N FTAR
B A0 B 2 ng s o0 T . R ARUCEC S 2 AR
I A G, TR AR i — 1) -
2n/ MDAE R IEARKIE 0y e — BB 10 2247, 7
%A LARI 5 905 5 E 4

4 HEMEME L%

h T B UEAR SCHT R B AR R . HEAT T AT
FALDTE, R RS — & B 50 mm Ay [
HE”, il 3 Fos . THEALELL CCD A [H] i 241
TR 5 WA TE A8 E, WAz 2 07 1) 5 6
LRI S 0=3°, FH 2 T il AR I 4% 2 & [E] A B
R 2m/5. IR RE A T AR I 4 a0 /] rh o K F-
Ji RS Bl B BE B 4 Bk 12.8.12.6 pixel, Hih
— i i) AR Y S5 SCRTIN L 3(b) B

& IS W A5 T 2% B0 L ) R o) B R b 15 3L DG i
WA e 3o fits, 48R R VL RS Ik G
7 B R [R] 0 45 AR T2 2 S0 1B, 2 R U ) 0 46
FHAS S VE TS A (0 AR L 53 A 28 3k AH A 8 3
SIE, PR =i EmA A R A 4 o PR, HXF

K3 R A

Fig. 3 Simulated measurement
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Fig. 7 Deformed fringe patterns with different angles

between grating line and object’s displacement
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Fig. 8 3D reconstruction results with different angles
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Tab.1 RMS errors based on synchronous detection

(mm)
7 mm 10 mm 17 mm
0= 10, 0.169 1 0. 157 4 0.127 6
0=106, 0.194 1 0.171 2 0.143 0
0= 0 0.257 6 0.2311 0.186 3
0=10, 0.419 0 0.355 6 0.294 0

x2 ETRMIFFEERNHEARIRE

Tab. 2 RMS errors based on least-square iteration

7 mm 10 mm 17 mm
0= 0, 0.169 9 0.154 6 0.126 9
0=106, 0.157 7 0.154 3 0.123 9
0= 0 0.163 7 0.158 6 0.1317
0=10, 0.165 1 0.169 9 0.134 4
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