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Abstract

refresh rate of a projector. However, the dithering algorithm is only a simple matrix transform and the dithering

Defocusing dither optimization techniques can eliminate the nonlinear error and overcome the limitation of

fringe after defocusing does not approximate the ideal sinusoidal fringe enough, inducing a measurement phase
error. This paper proposes a binary particle swarm optimization (BPSO) method, and the binary defocusing dither
technique is optimized. To speed up the BPSO process, binary patches are first optimized; then, the patches are
joined together with respect to symmetry and periodicity to generate the full-size pattern. The simulation and
experimental results demonstrate that the proposed method can obtain high quality measurement results under

various extents of defocusing.

Vol. 46, No. 10
October, 2019

Key words measurement; three-dimensional image acquisition; binary images; particle swarm optimization;
dithering
OCIS codes 120.2650; 110.6880; 050.1380; 120.2830

.

=]

1 5

AF HE b = 2 98 S50 I AR = A AR W U TR LA
0B 2 AR, DA R 3 i) T A 4 v P Bk
A T AR B Ak = AT AR T kP B R
B€i's ZiwNVENTRCNIE S £ /Wt /X NN
MRS . BT AR BB RO E O — R A
P 15 7% 45 SC B S 1508 20 Wy R 2 i, AR U 3 o AR BIL A

FEAFTE 1 SR BUR ok AR IR ) = S e S5 B . 1%
B RUT SR BB B TR 8 /9 1IE 5% 4 4L,
N R 8 A 1 37 BR 4% 52 A BT (<120 Ha2) .
GBS Bl B A B AR Lot v B B 2 R BOT A
IEE AR BN A BRI IE 5%, T A s g5 510,
A B AR R OR B AR 0 A T R R AU AR 1
IE 5% B ZE, AT LA e Al o RS0 T AR A B
B (DMD) J5i 21, — {8 ] 52 19 7 A= ] L3 3ol i 20

Wfm HE: 2019-05-05; 1&E HHA: 2019-05-23; RABH: 2019-06-10

HEWR . #raRHE R E (2017C31080)

" E-mail: wijlin@zju.edu.cn

1004003-1



th i

i ot

b fih 3 o S B L WA AT S B W A R, [,
N E A R W VR AT /oY B o W | 570 'S SO (E B
TR S MR A S S s O N | 0 i F 5 NI 1]
i 000 5 AT A PR AR

R TR b AR TR R [ P A 2 R T B R
AR IEAT T HIRA MG . S o4 2y ik
BIAERAR (SBMOYY 23 51 A IE 5% ik 58 98 il R
(SPWND M A ik s 981 1l 2 AR COPWMD > i =
2 e A VK TE I 31 2 R CTOPWM) M) Sk fife e 85 B i
Wi 2E, XUBHE R B AR 7E A B JE 3 4% SU RE S 3K
A5 AN 1) DN A5 SR H 0 TG A RS R K R I AR L
(R0 S ), 5 R D P 2 S S S R ¥ Oy — A
B NN 125 DR NS Rt DS

FEah H AR T LLFE 5 A B 20 45 8 L
P B A B0 o E L (R4S 32 BR T R 0 Ak 8L
WD B B AR BT LA — 4 R TR R 3
8 45 01 D A R, TR e g /N Ak T AR BRI
REVIE 5% 2% SU 1A IR B {1 2 AL 44k i 4K BRI 10 17 2 4 —
fH &80,

25 LT IR AR SCHE T — P 3 s WORL T RO
BT M A B R S B AR TR,
TR A AR R A B e A R AR A
BRI R AL 88 )5 1 IE 5% 2% SC IR 5 10 JR 30 1
SRR B AP — S B S . B
B gk R AR SCRTHE O L RR 8 W R AR T E AR AL
Jo I HLXAS [R]85 A3 B A e ELAT e fe b

2 FEARJFEH

21 =ZHHEBE

AARE U AR S | K 3 25 e i i) 2 BT T
2 A R AHRS I A AR R B 2R A
A — 5 R 2 M SR BORTHSEARGLAF B I K5 2
— M BE A AR LB R T . b =D AR L
PR G A /D O AR RS [ 58 U T S = 4
Y, SR B R IREEE T LLROR R

I (xsy)=1(x,y)+

I"(x o y)coslg(a,y) —2n/3], @)
[, (x.y)=1"(x.y)+1"(x.y)cos[o(x.y) ],
(2)

I, (xsy)=1(x,y)+
I"(x y)cosLo(a,y) +2x/3], (3)
L G ) WEGR R E T (2, ) HTE (s ) A
A SR s 17 (s y) IAE (o ) AL AR FE TR 1 5 0 (20
V) RTE G ) AR R SRR, HOR A #R 4N T

o(x,y) =
x/?[[](]‘ay)*lj(fay):l

t R 4
A o (oy) — L (zay) — I, (xay) “

(D FZOR R RANI AR TS & 2n BYBEAE
TR [ — o) AT LU A A A7 £ 2 1Y O 1 ok AR
W% 22 1 B AR AT
22 REVHEHEE

PEEhHEOR B BN T8 EDE 2 AR AL B A
UK BB 8% 44 6 TS 1 AR B 4 LAV 2 VR 1) TR
UL BE B 55 A B (R A Y B3l BEAL$E
L DR Y Wbt e 4E . KR 2y iR s Bk
PR HC B S A MBS A0 T 5 SR SO R B T . R 22T
BB S B BB Y R R A IR 2T IR E 1Ty
KXY WEA ARG ER Lz BT LR R
FGuj)=fGaj)+ D hCk) Xeli—koj—1),

kilES

(5)
XA G NIFIRESAE G A B IR AR £ G
DA RACEGAE G ) AR K BEAE s 1 (k2 1) R 1% bR
BOEFE b 75k D AR ICE S A% pREIUH [ IX 380
e(i—k,j—D NG —k.j—DAREALIR 2, 8T
PREC R PR B M BB R, A RE N
Floyd-Steinberg £} 3 s EU/E A% R %L b o 11

1|— *x 7
A =R O A B R R 5+ 7O T IE
TERL R E

23 BEREHUTFEEE
KL TSR 2 — R L TR RE A 2 R BE AL
Bk, Z 3SR AR AT A E &, Kennedy
UM 1995 4R TR B L. BOA R E-E
R R R B R Y 22 5, R R
O AL B R AR A . L HE B3k 0 X 22 il &5
] g — R AL B o S T A e B O 5 T A 1)
B, Kennedy 21 X T 1997 4E 42 4 T & 8Ok 77
A2 .
BB T REFPBEEOR 0, 76 m 255 A48 R i il
fift 55 a ADRLFHPIRS T LR IR Ny
X, =(xg19Ta25"" 3T up )
V. =(0,15Uu25"" sUum ) » 7
P, =(pasparssPun)
K. X, RPN E .V, kT E P, kL
THRINW YR, Kb ae (1,2, 0}, &
FRORE 7 3 1 0 o RN W R AR BT v s B pu O

1004003-2



h 5| W bl
BAEE a ARLFTE m dE2S B 5 o 48R B
A R TIE L T | R [ RN W start converged?
Vg =@ ¢ Vg Ty o171 0 (Poy —2y) + yes
czerz e (P —xuw) » (8) setting S, and S, particle dimension

Ty =Zap + Var

Ko WBVEARE ;¢ Floc, TR F5r o,
NO~1 HIBENLEG P, = (pars Pazs s Pam ) NEA
KL 7 RS R BN A AU b p o, S 0 YR RORL T
T4 Jay R O it A 4

8@ VAR R - A ES AN VAR aB < byS B (T E LI AR ST
JERIRKLT R 0 301 BHEAR, —MEF T Sigmoid
BRI RCHS A 1 R WS B L0, 1 DX ] L B

1

Sigmoid(v[j) :mo 9
i AR DR VA T N |
1’ r < S igmoid ('Uu )

Xij — s (10)
O’ r >Sigmoid(‘vij>

Ko 0~1 HIBHLAC .
3 TR HORL TR A B Pu Ak T
30 HMFEEENBRRE

TAE B RO G SR TE 2 B IR 4R
J5 7 RR SR UL AR E X SR B IR,
FERAAL R FE AT LR R

min | E(x,y) ||, =
min || I(x,y) —G(x,y) @By |,

an

Xl o . o L2 WBGE (o0 y) IR K BEE A 12

ZI(x,y) AP IEZE LG (o . y) R g

WA BEEGB (2 y) R I B 181 58 Oy — 4k

BIRBRAE,

32 NFHEENMAMUIESR

R T P SR AE I R ) A, A F 5 —
A TAHYORAVE XS T8 A A R BB E LA, 5
I 1E 5% 25 250 11 JR 3 1 0 6 R oK — A B DF A —
MR, IR EA Y 25 BUEI SR AE K PO 1] 5
IE 52 R LA 9 — (B 2% SO ATE K - D5 18] B 32
BA B PR A Bk v, ) LA S L e i R
S . A ST B U0 A HE B R PR A s 1 fr s, HG
FELBRMT .

1) W FhE S A LERE . —AE B W) 46 1L KD
NS, XS, .S, Fom EHBE v I LK, S,
TR ZAHBAE 2 Jrm B RN, K S, =1,S, =
T/2, T ERmRAFBJN W€ FRE DRGSRy S, X

particle formation

mutation, another Sy

no L
particle initialization —no

’ yes
1

’

fitness evaluation |— patch generation

| |

update best location full-size fringe
and fitness of particles pattern generation

update global best finish
location and fitness

B TR 7k i R I
Fig. 1 Flowchart of the proposed method
S, —4E%dl .

2) WAL T I 07 B R R . AR IR
FRRER /IR 60, iRZEY BB 3 50k 2 R 4G A5
AR RS LG o5 AT A= A AN Rl ) AR %, w de ek
4 3K Floyd-Steinberg 1R 2§ 8 £l s E &, Bk &
W2 L A ETAT . WFE—A7 &
PRI 4 A S, XS, B HSRAF BAE R T
4 AR 19 L ) R (E, L AhORE - 0 1 BE LT G
k. BT AR 1 B R B AL bR AL .

3) R TF3E N VAN . R Y IE N R (E E i
ADARITH I FHF oo =2, c, =2, B HENE
w=0.6, APFFREFEBR K /DN 5X5, brifE 22 H
5/3M =R RBAE N G(x,y),

4) SRR I R A3 N (L RVRIRE 4 e A A

5) TR F B LA CE . O 2l (8) ~
QO AR,

6) ESHURFREF I EN, W2k 08, iR
T R R 3) . ARWFIE BT 2k S R
E RS AN I 10 ° B 24 RUBURE 183000 1K,

T TAEB4EE MY, S, =S, +1.,S, <15,k
RS D,

8) el T(HGERE . RALHESR L= 15 A4
TAEY A (1D RN T E HAE R A
fE ke,

9) FRAESEREI A SR BCEI G . A R R X
FRAYE 4 e L AB R PF L — 8 B —AH AR BB

1004003-3



i ot

A

4 i  E

T BRI B VR A R R — R I L 6
g PR S BRI T=18,+++,114,120 pixel, JF
F105 B 2 0 B AR K /N R 55,9 X9, 13 X 13, bR
WEZE M 5/3.9/3.13/3 B9 =~ i 37 08 U ok B50A5E 400 4%
AU R A b R R R R AR S, e Lk
TSR R 0 U B L SR FH 11 v T 2 IR A o 2 34 O A
M R/NH) 1/3. BRI 48 BF 2 R 1280 pixel X
1024 pixel,

Bl 2 Bis hy 5 B0 1R 58 7 A G A0 R 1 vl WAk ik
BT, AT, 530 3m ZAESAE = Jrin fly J7 [l
RN SRR T A A T s A A et A g
TE 77 6 80 R W 18 pixel B9 A &I 22 I i ]
A3 54202.3 minfl 18.6 min, T LAFH ., Z(EHE

A7 ] LUK e 48 m AR A B2 . &1 3 itk ol Floyd-
Steinberg & 224 WU £k 3l Jr 2 AT $2 05 B A6 A [\
BT 0T B R, A5 7N B R KN R
5X5 . hRiEZE N 5/3 1Y iy W U8 D R B SR Al B AT
ik, B 3(a)~ ()il FE R Floyd-Steinberg iR 25
P BCEE B 5 v R0 T 4R D7 B A AN (AR T/ 1 v 30 U
WERECT AR AL AR R 25, (F A R f A
e ST 108 T PR BSCREAR R /IN  38 s R ik 10 R
EHH — ERE M /DN, Floyd-Steinberg 1 23"
PR} 2l 07 Bl A 2% S0 I 0BG, I g 58 2 s T
W AR SCIIEAEA R A S5 80T BRI 1
BN E W B AR .l 5 B A R AT AR ST
TEAS RIS R /0N 1 v 357 208 30 e 5T 349 BB K 2 %
ik Floyd-Steinberg $} 3/ J5 i il & 15 25 , JU H & TE
RO B BN, RIATAL

I,=112, T,~15
0 1

1 - 10 0 1 = 1 0
patch dimension 10 - 10
01 - 01
3 °
TxT, (T;=1) T<Ty(1,72) TxTy (Ty=15)
10 10 10 = 10 10 = 10

particle dimension

3 3 I

binary particle swarm optimization framework

the best particles

of different dimensions 1\ 0 -

\ G LT ETe
10 1010

1

‘ ToxT, (T;=15)
0 = 10

optimal particle

full-size pattern

" @)
- 10

A L OLE NP SuR s

Fig. 2 Key process of generating fringe pattern

Bl 4 R %8 W A 18 pixel B, Floyd-
Steinberg & 224 B H} 3l 75 ¥ I 42 07 ¥ 7 A 1 &
Fi., B 4a) . (b) 5l #E R Floyd-Steinberg 1%
2R 7 B AR Y A SR BRI R DL S g B
MR /Ny 5 X5 1 v 3 08 e e ORI S Y R
Pl A (o) (d) 43 3l 3R BT 38 75 0k 77 AR 1 (AR B0 A
A AR K /INR 50X 5 1) 1 07 U8 D pR KD
IEESE S

SR T ST A R T L R A Ok AT, 45 AR
L E W R 18 pixel B}, Floyd-Steinberg % 22 97 8 $}+
SOTEMPT R TR AE AN B AR T R L
SHIRN . 5Ca)~(c) (d)~ (D F1(g)~ ()43l
TR B R /IN R 65X 5.9 9,13 X 13 Ky 17 g
IR W R 7 2k 0 LA 45 R . NG5SR0 LU L A
Xt F Floyd-Steinberg ¥R 224 8l 3 Jr 1k, Fr it Jr ik
AN ) IR /0N 1 e 30 0 0 o R ) 1 B0 T 2 2t

1004003-4



H I # ot

= 0.07 (@) o error diffusion = 0.07 (b) o- error diffusion = 0.07 (C) o- error diffusion
g 0.06 \ —#- proposed :\5 0.06 \ —% proposed :\S 0.06 \ —%-proposed
5 Ny 50.051 & 50.051 &
50051 T0.04f S004f
= . o003} e Zo03f ™
= 0.04 e oe e o & RN
B Treeeoeoy 5002 ey, 5 0.02 e,

0.03 | x> P D N S R R A o 0066 o_
é DI ¥ i 0.01 i 0.01 LAt e e W = R R ]

0.02 0 0

20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120

Fringe period 7 /pixel

Fringe period 7 /pixel

Fringe period 7 /pixel

B 3 AN [R] g ST 08 I pR AR AR KN T B A . (a) 5X55(h) 9X95(e) 13X13

Fig. 3 Simulation results for different Gaussian filter sizes.

i
1
1
1

L)
1
1
1
1
1

4 PR IT T A T SEXT L

B 0 ' l ' O . R

(a) 5X5; (b) 9X9; (c¢) 13X13

:.(d) I l I

(a) Floyd-Steinberg ¥ 22 ¥ # £l sl Jr ik 7= A= B9 — (B % 5 (b) Floyd-Steinberg % 229 1

P8 75 1 B g B R 22 i i S i S B P58 5 (o) BT 4R 7 ik 7 AR 9 (IR 5 (D B 7 B B 15 R R 48 v 7 IR U5 Y L 3%

Fig. 4 Patterns generated by two methods.

(a) Binary pattern obtained by Floyd-Steinberg error-diffusion dithering

method; (b) binary pattern obtained by Floyd-Steinberg error-diffusion dithering method and Gaussian filter;

(¢) binary pattern obtained by proposed method; (d) binary pattern obtained by proposed method and Gaussian filter

24 T Ont i T BAR A O 9% 2R R DR 22 AT A3
RZEWARIT R T W E

5 % W

S TR T AR T 3k 0 S PR AR, E AT T OGS
5. BB AN R S AL HE Esonic 24 R A9 Ak SV &
(LCoS) BAL (U5 . HD-720P) , KAE 23 7] 9 CCD A
HL (5 . MER-130-30UM) Al Computar 2y F) B 8 mm
FEFEEE S (B85 MO814-MP2) , #3514 4> HE R Ny
1280 pixel X 720 pixel, FAHHLH 43 HF % A 1280 pixel X
1024 pixel, —4EM &= RGWE 6 FiR,

15 S5 H M Floyd-Steinberg ¥ 22 9" WU $} 30 75 ¥4
T 5 7 3 0 AR U ARG AT i . AR SORE IE 5% 5%
U 18 A5 AR T AR AT 14 A 57 (5L VE hy 00 £ 49 1 14 4
fi B {H. Floyd-Steinberg % 2% ¥ HL £} 3 75 i F fir
PEOT AR R v B RN R B AR R R I
WE 7 frw, Ko RMS RRJr i, el s /k
B R[] B AR R T, JOT 42 Oy 1 1 BB AR 35 4 17 0
RO 507 AT R AT

R T ARAT LA A TR A 45 R AR SO T
— RGN YR, SER SRR
18 pixel (4580 B 1E 5% Zx BCHY 18 20 AH S 12 i ) &
GERAE AR MEAE . SCE0 T B A S 80 i
Floyd-Steinberg 1% 2= 9§ £} 2h 75 ¥ 1 iy $2 07 % 7=

.

ALINE 4Ca) (O s, B8 S AHHIL R & 1 P A
R AOEIZE . W9 h R AR T
MEEEERE TN =4840, £ 18 EidW
Fh 7 i 5 IE % 5 80 18 AR L AL 1% 22 . e 4%
SR, e e 68 1 3 0 Floyd-Steinberg i®
22V HLR B 7 2 A R ASCR

1 PRI ETEA R B HERERESAT 1
AL RMS 5 22
Table 1 Phase RMS errors of two methods under
different defocusing amounts
Phase RMS error /rad
Method Mildly Moderately Severely
defocused defocused defocused
Error-diffusion
dithering 1.507 1.211 0.993
Proposed 0.982 0.758 0.634

6 4MB SitiE

A FEAE AR RE B e 3 0 O eR BT 3 i R
TAE AR BOM AR I 52 4% SURY K RE A 25 L ARAT T B
PRI BS e 280 th TR B fE i R i 2k
f4 I ELAE LA B AR A B AR i P 4 7 E5 1 4 2E =
Wk U pRECT OS5 R T BEAFAE AN R R AR O . S
S AR AT LB X8 AN ] 9 052 A 88 i i, e R[] 1Y
5 39T B I RO FEAT AU AE L LS/ R 22

b

e

bl

1004003-5



h 5| 74 ot
20 0.15 ——
— sinusoi ) o iffusi o diffy
250 (@) Z:—?gf(:ili(}’falllsion % ® * Ie)gcgogggusmn E © 3 * }e;l:(')t;)rosedusxon
—-=-proposed > 10 : 0.10 ¢ #Q 00
200 §> g
3 & § 0.05
£ 150 5 0 Z
%100 g 2 0
= £ 10 g
50 & £-0.05
b= =
0 = 20 ~0.10
0 10 20 30 40 10 20 30 40 0 10 20 30 40
2 /pixel x /pixel x /pixel
—sinusoidal - diffusi
250 (d) -._'El:li;:):ziefgusion é 5 (e) R o Ing)(gosedun § 0.08
St
o 200 & £ 0.06(4
S 150 o ¢
> g 0 » 0.04 o
> o) = —e— error diffusion
£100 g % 0.02 »- proposed
0 LRIV = § 0.02
0 10 20 30 40 0 10 20 30 40 e 10 20 30 40
x /pixel x /pixel x /pixel
- - 6 ——
—_— dal ) o diff
200 (g) -.-.Elfigp:(?slg(fiusmn ,g 4 h) R +1eJ;g;)roseduo E 0.
> g
- s 2 2 0.
S 150 o ol S b
; c 0 (g 0.04 —e—error diffusion
S 8 -9 e 0.02 —%-proposed
S 100 8 5
% -4 £ 0
Aa
50 -6 -0.02
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
x /pixel x /pixel x /pixel

B 5 Floyd-Steinberg ¥ 253 BBl 8l 7 ¥ AT $2 7 36 45 SR Xt HL R . () (d) (o) BRARLIE 5% il 28 1% 22 9 H0 b} 3 5k i 42
T 43 2 i BEA /N Ry 5X6.,9 X9 I 13X 13 119 v 407 118 I8¢ o 500 pl J 1 A T L s () (o) (M) 3R 22 9 bt 3 B i
FBT 4 77 12 43 S 28 5t EAR R /INA 5X5.,9 X9 R 13X 13 114 125 57 10k U2 o R 0B i IS 9 K BE M R 22 I 65 (o (D (D IR ZE YT
B B0 v T 7 A ) 25 AR /N 5 X 5.9 X 9 FI 13X 13 1A v ST U I8 PR R U S ) AE 7 15 2 i 48

Fig. 5

Comparison between Floyd-Steinberg error-diffusion dithering method and proposed method. (a) (d) (g) Cross-
sections of ideal sinusoidal pattern and two binary patterns obtained by error-diffusion dithering method and the
proposed method after applying Gaussian filter with sizes of 5X5, 9X9, and 13X 13, respectively; (b) (e)(h) gray
value differences of error-diffusion dithering method and the proposed method after applying Gaussian filter with
sizes of 5X5, 9X9, and 13X 13, respectively; (c)(f) (i) phase RMS errors of error-diffusion dithering method and
the proposed method after applying Gaussian filter with sizes of 5X5, 9X9, and 13X 13, respectively
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