$26% B1Y ot
2006 £ 1 H

= S
ACTA OPTICA SINICA

Vol. 26,No. 1
January, 2006

XEHE . 0253-2239(2006)01-0039-4

H T RUB R 5 AR 8 iy 4 H gD e g8 07 ik
BNk FRE

(E R RMR S8 TR 2B, K 410073)

TEE: T ARSI S BRI B A b 5 5 T S8 b SR AR I T RO AR L 3 . SR T — FF B OB B 5 SR BU B A i
HTEBAMUBEENTE. B BERD ST IUARE KRN ALRBZ R R ZHNXR, ST —EF
FZRBUR B RERBEZHMGHAR .. EHARXEARNIIT R R, £ 88 FA AR B 2 S 17
B, EE RS IR 2 AR WIE; FREHHEMCG AR THBERBHHECEE. LRIELTZF RN
IR BMG I EL R

KEW: LFEME,; BBLRLE MUMEE: M8, BHEL

HEHS, TP391.4 XEARIREE: A

Full Automatic Phase Unwrapping Method Based on Projected
Double Spatial Frequency Fringes
Lei Zhihui Li Jianbing

(College of Aerospace and Material Engineering, National University of Defense Technology, Changsha 410073)

Abstract;
automatic phase unwrapping method based on projected double spatial frequency fringes has been deduced. In this

In order to simply obtain the phase of a surface in phase measuring profilometry (PMP), a fully

method, a series of formulas are deduced by analysing the relationship between the orders of and phase of the two
fringes. Since the phase unwrapping is done on each point separately, the error propagation is avoided. Experiment

has proved this method feasible, and a good measurement result is obtained.
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Fig.1 Principle figure of the projection system

3 MEaE

0.0, BT 5 B8 AN M 4 80k B - 17, R
R, A H EMASCT RN p. ¥
SEHE RS O, /858 h 0,E /&8 Bk R
nCEE /NI 7 = 1.52) .n AJ 4 REEEIH 4 N
5N Any H An 5HMLFME ¢ KRR MFE
An = (p+m)/2n,% L DLP # &4 4 Bl W F R
[ 25 ) 33 R M 8 R BE 53 3R s o) TR DN IHD
PR —-BRENERE LR —NES. A
OuE, = O:E;, B

prm = pang, (2)
n; = N, + An;,
Hr, )
N, € Z,An, € [0,1),i = 1,2,
H Z ZRBEES.H Q) XAH
n :Pz(ﬂl —ny) _
P2 — D1
P2 (N1 — N; + Any — Any) (32)
P: — P ’
<, :P1(n1 — ;) _
Pz — P
pl(Nl_NZ +Aﬂ1_Anz) (Sb)
P2 — D1 ’
N1 _Nz == %nz +An2 - An1 ’ (SC)

1

M (3) KR AF ny B n, TFEIIE Ny — N, XA LUE
Bl B W 5% BRI — 245 B . PO R AS 5] 5 BE I P47 4%
SO QBO W, XTEBTIER prp:/(p: — p1) HE
WA SR BM RS, B AMTH m &
H5%m + 1 REME800, 0
mprp; (m+Dpip,
xe[ﬁz_ﬁl’ p: — P >}:>

n; = I/Pz

e [32 ’(,Zztlz)fl)’
LA BB
N, —N, €
[m+An, — Ay s(m+1) + An, — Any ), (4)
X
Any ,An, € [0,D=>An, — An, € (—1,1), (5)
WD, ORL B/
Ni—N, e im—1,m+2), (6)
MmN —N, € Z,ftlh.
N,—N, € {mym+1}, P
¥ (O X RPRIE LT s
1 An, —An >08F, M N, —N, >m,l 7)) X
AN —N,=m—+1;
2) An, — Ay < OB, N, —N, <m+1,H
(DO X/ N —N;, =m,
2E A= (oo + 1 /Cr), ERITHEW R E
D eg—¢ >0 Bf, U Ny — N, =m-+1; (8a)
2) oo — ¢ < OB,W N, —N, =m. (8b)
(8 R[ABa) X B BAXT, U TH]
A3 =i 5 =X AT AR 75 P F S5 80 S B0 %
Bny oy, FEMRYE & =— ne+ 20n SRS AL W 7
FKEMAL Dy, D
1 @ — ¢ >0 K, M

&, :_“+Pz[21c(m+1)+¢1—¢z]’
p: — h (92)
&, :_K+P1[27t(m—|—1)+§01_§0z:|,
P2 — P
2) §02_§01<OH:J"IJI\“
@, :_K+Pz(2nm+¢1—¢z),
e b (9b)
- 21 Crm+ o — @)
{@z n+ b2 — pr .

R T B AR SRR I AR 5 T 8, W L =
WAL B0 SRR BOKS B = Fh B AR 8 R IY
FRXRF 2.0,/ (Pi— p) | 9505 = 1,2,3,i # ), ¥



13 FEEE: ETIURREASNE B SR ERET % 41

XS BRI ERE 5 R BWMAFLER (B E m
B EHMBHEEEMARAENBEMAS, BRRFAT
BEFYOCANMEBERERBETEZFEL A X LG
SRR A B ER T EMEERRERL IR
HEHTT.

KT EE B E R py M p 8 prp/ (o — pO)
BRI ABANRGIIN T 1 HBWRSLAN , A m
= 0,(9) RAREL, HhBEHRTFETERE 15
FWEWHIF TR, B oo/ (0. — p0) BR,
HRAER po Fl p, ZAHBN BFTREBR BT EE RN
FREUST PN B RR ) AR5 , RS B BORAR S i DU AT
FAH,

4 WUNEALIRZE B TT

ATLAE T, (O TR, B o — ¢
FeLLT po/(p2 — p) A p/(p — p1) BT UL
HTER LB RIED, BASE o — o WiIRZE
BORARZAE X RR“IR B T MR 15 B A ALK K
BE 5 Bt LA B0 X R 5 v AT ik

i @ = 2xN + o FAT ALK B, W] ] 8 4 5fe
BHEFHXIREMNER N BEREFZLN =
ent(n+ 100) — 100[ X FH A By e 100 FHI§ 100 2
R NEAKT n ERARER, I ent(—1.5) =
—1, ent(—1.5+4100) —100 =— 2], FrLd

(N1 - Nz + (§01 - gDz)/ZTl')

@1 == 27'(N1 +¢1 == 2n{ent|:Pz

MM RB LR AR AT
D g — @ > 0 B,

P2 — D

+1oo]—1oo}+ s

J D, = 27t<ent[p2(m+1Jr (pr — @) /2710

+1oo]—1oo}+ o

PP (102)
[ @, = ZTr{ent[Pl G 1+ (g = g2)/270) +1oo]—1oo}+ @2 s
P2 — M
2) (22 <0 Hﬂ‘,)rl'l
@ = 21t{ent|:p2 (erp(gol__P@)/Z“) +100:|— 100}"‘ o
Lo (10b)
o, — Zﬂ{el’lt[pl (m~+ (o — @) /210 —|—100:|— 100}+ -
P2 — M

(9K H AR AL IR ZEK , H (K b 5 SCBRAE
HOBHRIE , A tH BUAR R B B R 5 (10) 3K 3K BORA 437 If
TEIE, MRS HE 2n M —2x SRR, HF)
M QOYFR MBI AL GRS @) % (9) 33K B AR AL
GEoA @°) AT 1 1E W AT R 3k 26 Bk R 25 B » 452 TE B 7
HEAE

HEX o HAT P, PR E MK ES S
AL 5N @ . MER ERSHETIRE. B O 5
O TR, EWE Z 2 I ETE « LA, MIA
NEZR O RIEFK, BA HHRERE, R O
5 o' ZRMYPEIMERT o, W2 S A AT AR H BT H
BRZ,EHHATREREZRZSA4L 0 BB N
BBEERA K5 %R @ B M BIBEER, IR 4% &
BT HOREIRZE B @ HIERI AT o @ BT Bk
BR A4 A % AR LA B A AR BR B, &7 DL 1 Z2
AWML REAER/NK O L. HA& QHE
EFES AR, R, AR IESEEE,

4 Ll kER

A% 52y 14 A7 DU TG R P AR b 5% M A — JREHEAT , it
B LA Bads B, HE B B i R RIES 2,
FREE 0.02 mm, BHEEXHWRESE L.4,0,
FEHIEM p1=40,p, =42 Al {f 1 REWMFLE LR
AR, SRk RME 2 B CBER A E k
HEEY:

Bl 2(a) F BB HIBIRE T KL 800 /I
T ER , [ BEA P

B 2(b) R E E3E Y 7B AR ER®
H A E B

Bl 2(c) A A H (9) MM AL B E WK E H A
WA=

B 2(d) KA A (10> X MM AL EEKE A
L 5

Bl 2(e> 2 LAB 2 (o) #hrxt B 2 (dD A A7 AT 8
EERBIMMEALE



42 Xt &4

1% 26 &

B 2(H2ME 2R H K EE .
MEEHSEXEETHRERGRIME 1NN

ity

B 2(a) b B R AR SRR

—
o
=]

3 | ®) E (©
S 2 3 8
=AU ) T 2w S
2 0 it ot & J_y,,w-""
e TR
IS 1 2 99 Pl
I
= - L | L E 0 " . L
40 200 400 600 800 5 0 I 200 4((;10 /600 ' 800
. ) . . age ¢ inat H
< 80 @ o g Image coordinate/pixel 25 mage coordinaie/pixe. ©
£ (Uf\.} & '///4c 30 .
2 60 H Z 60 E » A
£ Wi E = E BT
=) =] 20
& f 2 & o/ N
2 WL ) 10
S N o <
- 0 200 400 600 800 - 00 200 400 600 800 0 200 400 600 800
Image coordinate/pixel Image coordinate/pixel Image coordinate/pixel

B2 xEsR

Fig. 2 Experiment results
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Table 1 Comparision between measurement results

and real results

No. Real result  Measurement result Error
1 3.58 3.51 —0. 07
2 7.50 7.37 —0.13
3 16, 24 16.19 —0.05
4 28.70 28.75 0. 05
5 34. 14 34.10 —0.04
6 32.84 32.90 0. 06
7 28. 68 28.77 0. 09
8 20. 42 20. 36 —0. 06
9 12. 86 12,95 0.09
10 8.44 8.50 0. 06
11 4,72 4. 61 —0.11
12 2.26 2.33 0. 07
Average error —0. 004

o 0,081
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