FdF - Fiign@rliegsmy T
AL~

Department of Mechanical Engineering

College of Engineering
National Taiwan University

Master Thesis

kprgr B4 kg £ 2w BRI
Research on 3-D Surface Measurement using Synthesis of

Speckle and Structured Fringe Composite Patterns

EE

Chung-An Hsieh

ERR O MREL BL
Advisor: Liang-Chia Chen, Ph.D.

¢ #a [® 103 & 8

July, 2014



-+
ATy

AR EREM A LEF A B A AP LT R R AL
COBAHNEOBE SRR L RES JRAPEY A RAEH Y R
LR TR

EF RS E SR A RLT BRI FINRE . S A EHT %
%M E KR AOl 92z > £ E 2 &« Mario 22 P fF ¥l » F 2 0
TP RTHRENIE R ERHIHRIPE R EHFUEH | AT
BREEART 2 REFSTE AP T RS T AR o PR R R S E
Bim~ifdrns 43537 Rl 2 gl 4%+ pE Lo
B F A AR AL R

BRI B BHRRHANAHE R LA HOEZ TRHEASY
AL B B - B kA4 A AR T RSk A R

TRERWHY o BB I RIBE S L g TR

[

LS

2014/08 *+ & =



PR

BAARE P Ap b RE KR I Sl £ 2 LA IR 16 o PE L
iiﬁﬁﬁﬁﬁﬁiﬂvé’%?mﬁﬂﬁzmﬁﬁﬁp/Wmﬁ ERy

Bl 2 RIZETER O A ARSI F AR R R 3L AR B AT £
Blenge 25 ] FARCHRRR A2 R 2RISR RS aOREL A 2
FIv § stk prent i B LR RIPE G F AT RRL  RRIB S uE R
B AL BEONE S A :agﬂ@ﬁ&ﬁim%@%ﬁﬂ—iﬁiwﬁé
BT 2R EBRBERERER AT - BATR RS E 8
& pkor i RSP Fpld 2 b I B PR R
%ﬂ?ﬁﬁﬁwaa@ﬁ%ﬁ*ﬂ*ﬁﬁﬁ?ﬁﬁ%w&’%ﬁF“é?”
MG B AREAD R RS S I L B F G e IR PR T
R Pt RS R 0 FEY s 0 2T EIIRA T 10um 2 £
# L 3] 100mm > B AR 5 e i & en R Ra 4 o

ad

itz { p R RERP S 2BV RER AP AP FEB U] S A
&Rl %



ABSTRACT

Three-dimensional profilometry is an indispensable surface profile measuring
technology for ensuring the quality of manufacturing process in the modern
manufacturing industry, especially for automated optical inspection (AOI).
Triangulation-based three-dimensional profilometry most frequently employed
nowadays includes phase-shifting, gray-code and speckle-projecting profilometry.
Theoretically, the measuring depth is traded off with the measuring resolution as a
physical limit for 3-D optical detection. To address this measuring barrier, this
article presents a new optical measuring method for one-shot three-dimensional
profilometry, in which random speckles and structured fringes are simultaneously
projected onto tested objects for forming a pair of deformed speckle and fringe
images to be acquired concurrently. The speckle image is utilized to determine an
absolute phase of each position using digital image correlation (DIC) while the
fringe image is employed to determine a relative phase by using phase shifting
profilometry (PSP). Each pair of absolute and relative phases corresponding to
each measured position is respectively converted into an absolute and a relative
depth. As a result, depth information of each position on the surface of the object is
then reconstructed by synthesizing the corresponding absolute depth and the
relative depth. With this, full-field surface profilometry with high measuring
accuracy and large range of surface depth can be realized. Verified by some
measuring experiments, the developed method can achieve a measuring depth
resolution of 10 um while the measuring depth range can be extended to more than
100 mm or higher. This kind of measuring capability cannot be achieved by the
conventional Moiré, speckle or structured light projection methods currently
available.

Keyword: Automated optical inspection (AOI), three-dimensional profilometry,
digital image correlation (DIC), Phase shifting profilometry.
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FRBREN P BEEREOTIERT LT &
- b 1
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Cuher gk O nfedtv £ 57 5!
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bo | 270 =ﬁ (3.5)
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VA BEE R 2 AT R LO>Sh o A R B
TR (35) T
e _h

2zdf L (3.7)

HoedaLs27d ~ f %% &N(37)F LB L

¢CE*K:h

(3.8)
He K5 -

fmA o d TR R R
322 kprizERIREL

pE AR ERIFDRIL S A - RN bR RSEEG

MR GFHERE > §EFERIFF BB R R AR (8 P
ks @ o 2 & N*N ehfisge o o Wi 2 (53 v 2 7 5 T(xy,p.g,H) - 2
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VR Ak ki o p,q & TR T
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H(x,y)=t(x,y)*1h (3.10)
TRl A Rl B R TR EZ T L BT T
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amsspessheanjransn s nm s s e e s n e e .

== dh ool 54

e e | S
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SHRBBRFZIEAMBYT AR MR AE B BRI IRRF 0 T
SRETRI TR N2 M Gl 2 - A EIERER SRR LR
FhoT AET

1 y(z—=1)—-y(z+1)
T2+ D+yz-1) - 2v (@

SIS TE MR R L RR -

(3.11)

323 & ¥R IZ
P S g > H 4% (discrete Fourier transform,DFT) » — 4% 1% + 3
P2 Bk U ficoo~ooridt R Sl LY > AP AT AAR e B B
e Pt 2 g oo
F(u) = j: f(t)e 2™ dt (3.12)
He f(t) %7 5GP fhanddikc
fO)=f®S, =" f®)st-nT) (3.13)
#-34(3.12):x® 5
F(u) = f; f (t)e 2% dt (3.14)
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— i fne7i27r,un T
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W=0 F| p=l/AT cnfp FIZ P~ M i 8 B IR~ o 2 PFF 1% T A3 LK

m
__m m=012,...M-1 3.15
A=t (3.15)

#p i~ (313)58 ¢ 0 FLE, AT 2

M -

LN

¢ g-izemm m=012,....M-1 (3.16)

n
n=0

g b T rrF R g s el 5 R B g
CEEERE PR EN LA B A BRAERSTT L ED S
MEATE = s S

Z
iR
NN

F(u,v): S f(x,y)e_m( W (3.17)
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B flx,y) &~ ] 5 MXN chiif o g Bfo- Bhm- % FREu =
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BRI S s 2 HE R AR 2 g T SR
TE oL FRETAF w gy 3 FREHR A AP AP P ) T SE, i
Heen 2 ¥ 0 K OAATE 2 3 # 4% (inverse discrete Fourier transform, IDFT) %
B f

§

£ = LSV gizemm n=012..,M-1 (3.18)
n=0

1
M
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f -

n

F eiZIZmH/M n:0,1,2,...,|\/| -1 (319)
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3.24 ApHHTRIZ
FBOARPEPERGRENFRP L Lk ks HE LA T G
Ix,y,t) =1'(x,y) + I"(x,y)cos[D(x,y) + 6(1)] (3.20)
BOEE(GY) S B iR B TR AR kR ITL e Rk 1A K
PR EREE Xy s tpl G 8O FtE 3 FFRF LT 1A
2 APt A Ap BT PRI PE AT A B20/N o N 5 B4
GEEES R RO B R R AN
L,(xy,t) =1'(x,y) + I"(x,y)cos[@(x,y) + nf] (3.21
WL Y05 a2 Sk g o JbpEA PG = B AEcr & f2
AEET T 20(xy) 0 FIAPEEED Y 2 H s kieiF ffgad v A
PSR T HARA o B B TR o R S At

2(1y — Iy

t 4 3.22
213 - 11 - 15 ( )

@ = tan™1(

PLPEQ G R 24P

3.25 AprmdEFiEi
Fr G2 EHER T HpSATEE s A @ B iR Tk
EFEREE > L F AP R Y tanT k RjEip pF o aBcF FotanT R L

te— %EJ%?F"’" S RN PTG A TG O 27 2 0 AR

TR A REAR
(D(x,y) forly —I3>0and 2, — 1, — 13> 0
O(x,y)+m forly—I3>0and2l,— 1, —15<0

O(x,y)+2m forl,—I3<0and2l,—1;, — 135>0
O(x,y)+m forlj—13<0and2l,—1;, —13<0

0 f0T11—13=0and212—11—13>0
O,y)=4 = forl,—I;=0and 2l, — I, —I; < 0 (3.23)
T
E f0T11—13>0and212—11—I3=0
3
7 f0T11—13<0and212—11—I3=0
\ 0 for11—13=0and212—11—1320
*ﬁd 11 b oenfp =4t % (Phase wrapping) 2| % 8% #dp T 5 0 3

27 ehd AN L o Bk 4c@ 33 7
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Fhod g do-d kit B2 93 R H(xy) B¢ Xy Bk gt
Him B o (N NE iR

(Ds _ Hs
2md x f L — H,

GRAT 0LE IR S

Hs » 2m * f * d)
(L —Hy)

PR B2 R B SAR A AT B2 AR EAR 5 Op(x,y) 0 B P XY
R ARG DR > ¢ AR EE N IREEL L 2n L Bl B AT
MERF A RERZ EFARELOp(x,y) + 2N ¥ N=0,1,2,3,.2 i > Xy
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(3.25)

K
F AW P o EAPT OUED B R A LR LA

Ds(x,y) — 0r(x,¥)
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N = MINTJ[ ] (3.26)

32



#¢ MINT 5 - #5-5 po e a3t o N 5 i g i 2 ik
BT ER SRS e IR A
B(x,y) = @r(x,y) + 2Nm (3.27)
P AT 52 AR A T P S HE AR R RS H

(@r(x,y) + 2Nm) x L
2m* fxd + (Or(x,y) + 2Nm)

He HEor %2 29 8RR 0,(x,y) +2Nn 5 GBS HB AR H = f5
PRER S Ap 2 2 5 2 FMapedt s Lo p 9 082 B opedt s
d-

H =

(3.28)

F000,y) —0,(x+1,y) >2mpF > B AR e FliEs 7
FlX G2 RTRTE S 24 H 4 APHLFREORHFREERR
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hd %»

RSN S
D=¢(X,y) -4 (X Y) (3.29)
He DA 62 %G8 pi2 4L D>T TEZ - Rim» v&p
Faoh e ig R AT O 0 S 2 AREAR g BE RO (x+1,y),05(x —

1,y),0:(x,y + 1), 0s(x,y — 1) {700 $> 2 FI35 FIFFL @5 ] 2 9 $H4p e
ERCAEE i

LA B 2 2 AT VT g A R AL 0 R
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XV URFHEST R AVERRIT A RN L T OURAE
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_ A@(x,y)*L
h(xy) = f(H)*2mxd+AB(x,y) (3.30)

Hoo f S B o o AP R HRILE MR g B S 2 - R
Bj M2 SR S g B RS 8 3
B

513
CEEATUHAI AR A ER PN IES R R

y = 0.0009x + 0.405
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h(x,y) = [2rxd+A0(x, )1 f (Hs) (3.31)
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Measurement result(mm)
Step A 411227
Step B 9.544512
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(%)
A 4.046 -0.066 | 1.60 4.182 0.070 | 1.70
B 90.294 -0.249 | 2.61 9.584 0.039 | 0.41
C 14.754 -0.284 | 1.89 15.054 0.016 | 0.10
D 19.660 -0.376 | 1.87 19.949 -0.087 | 0.43
E 29.754 -0.270 | 0.90 29.846 -0.178 | 0.59
F 50.807 0.798 | 1.59 49.716 -0.291 | 0.58
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shoo 12 R 80.014 81.124 -13
s 3 4R 80.007 80.903 -1.2
ks 5 6 R 80.013 80.931 1.1
shos 7~ 8 R 80.024 81.184 -1.4

60



AR 547V FL A2 BB RIRSPEFR TG R AL A

N

A
=44 ﬂw%géﬁ%au£¢i;§w§£’&%&13ﬁ?aﬁﬁ%
B Ao REZ e BN “,*Ttbi byt BB kA2 kT ER4T 5 0.2 mm o i S #
BIERRAL > ARV H g o) 2 LB F { § 3472 CCD k{5 KT %
5 o

FHI PR EEERERBEREATL AT AR BRI M IR0

521 Lkl

SEER L FEEE F R e R A A 1
WA AER R € A A R 2 AT 0 Bl R AT e

(b)

B 57 RiRlL = @ RE() ORGSR LRI

ﬂH-

Fi:b)I HAp# iz £

Bl Q)AL 2F

d 2 BVRT PR B B e B Rz 2 Bopl
G2 A ERZLELAEEFSG > pBITRY 2 BRI Ge
FEREIVIRI UL T FRAFTAFF 0 AP LR ET F AP

B2 RG> R AR PG A FRT AN DEL o

61



(a) (b) (©
® 5-9 iﬂ%ﬁ%&%aﬁi@@ﬂﬁﬁﬂﬁﬁfﬁﬁm) #H Ap# i3

GHOES SRR E SERIE S
éuji%%?u%m’%%iﬁ%iﬁﬁipﬁiﬁﬁf

i?i i

(b)
Bl 5-8 R plAp =% % ()4p i3t X (b)4p 1B B,

0.5 T - 50 -
0.4 4p
03 _ 30 J
: - : |
= 02 = 20
? z
T 0.1 - 10 i
|
0 - 0 .
148 198 248 238 348 358 448 148 158 243 298 3483 398 448
Position(pixels) Position(pixels)

Lo~

N
it
i
g
F
S
i)
X

B0 B B ASER R RIS @A BB SRR R R L 5 F LR

AL T AR A foAp ok BAE o

522 kg3 A £ R
BER L - AT E B L BRPEY NB AN AR MG B
SARB AR A R R A A IR .

(b) ()

62



Bl 5-10 45 5= WA RERIE % () P FRRERIE 2% (b) T H 4
Bz BRIER QMM T FEZERESE;

TRV UFRECP GRS ERZ D REZERGELERE S 0 T

HAPFE R A R R AL R R BRI ENAEE A AFE

i PR e Tl R R T A L hE R AT Y o

|ll||l||l Ja |

(b)
Bl 5-11 &Rl % % (a)tp 4t K (b)4p 2B & R,

Height[ mm]|
Height{ mm]|

0 = Result 5 — Result
0l — | D
| 15—
10 0.
E : | 5 |
: g4 ‘
B I 5
a0 -10
209 409 609 209 409 609
Position(pixels) Pasition(pixels)

(b) (©)
@542%%£~4ﬁ@(®pﬁ? =% on L B(0) T HARH TR E

W) AL 2 FE E AT,
d RS R T R AR UFIP I HAAH G REDERIEE L F
B RAA R T HPHBREEFTRIE

jr

LA LR E BT 2

BrAp A MR S e EA > © PRRELBE

63




PRRERRBE MR R ER R G A
ZNA o Frd B ET URARF R ARG R 2 S d WG SRRl

(@) (b) (©)

Bl 5-13 == A RERIFTN(Q) P GIFFRERIZ % %,(b) T HpH
EZ BRER QAT ZFEEERESE
d P RET g R GIERERZ RS 2D B R R R
FTREEDES > AT KA N E ] R TR A 3
REAHF AT R 7P RPEEFAE -
(b)
Bl 5-14 2 pl4p =5 % (a)4p = 3f K (0)4p & B,

64



=~ Result 40

2
= Result
2 i A
o f 30 z
0 e Lh
= 2 _ 0 -
E
E
g =] - - =
T . ;"‘,— | R
-10 10
33 233 433 3 233 433
Position(pixels) Pesition(pixels)

(b) (c)
Bl 515 »=ib LRIZIRE ()3 ? iiﬁi@@)zﬁwﬁﬁw@?

dFlsg e ¥ o ;%*{—fg Ao T HPBERT LG REES IR A

dOtAp e A R g R TSR A AT R H L T g
HFDFRAGr L FIEF IR PERG AABILE 5

kT & FEd BRI R T RAR 2 Y

(b) (c)
PIF () i rrsgpliz %) 7
BiEzZ BRIER QAT ZFEZERES;
d PR T gl B SRR E R O P R R % sk
Bl B PR A I HARASd W a3 U @ R Fp PR 3
RERSF ML FEZTRLPIEERY - BT g IP AR
T & ¥

jn_rr

65



liZ\

(b)
B 5-17 & Rl4p % % (a)4p 3t %, () 4p =B & B,

02 40 —
0.1 —- S Y i TG
/| ‘ﬁ‘*"‘-. '/ k
0 — = e
E ,/‘/ \\ E 20
= 01— By =
= / N =2
:E» 02 g 10
03 0
212 262 312 362 212 262 312 362

Position(pixels)

(®) (b) (©)
B 5-18 k7 £ERIZAR @INAFAE T LE(D) T HApBFFIRT
ENOESSER B SISk

4R T OUER o A SRT N1 £ R 52 2 B ApRATF

Position(pixels)

ik Tl B R AT L R RIEN 0 FREL 5 PR 2
s TR AR R D o

53 RB%¥itH
B EARERF R E AR T 0 R A% Rz B
AR A ARV BT FERE R 2 8% > APT G E R R
B @ RGBT AR R e R G AR 3 A ik
B YRRl chd AR A e R R T H AR B AT Sl o o
A EOE R APT FRAFL T EE S R BT 2R
FRETMEFREER R REA AT 2ZREZT WJTE B d AR
2R RV L ARREER SRS R L R G R Y A JRd s e
66



AT 2% AL L PR KR B 57 UF AP 3L

3
N
21
b
%
oy
N

2SR o R fRAAR A A K- KPR o

67



Chapter6 R#HEAREY

6.1 X%

WfRAFIS IR URITA L g O Y S ey P BP 2 SRR

HMZERRBRE P~ IHFERZAIRBE Paﬂfﬁa = E #ER

e u;‘gvj PR DB R BEER P RN T RREFPREER

fRid-ory ERI% B afp RO N AL S A X R RAET Ry DR R R

AR RO R AL 0 A BERI S ER AT R R RE S > A R RER

e o AT FEE B GIERE R OB LAY BT

PUREA R T A

1. peé B gsitiz KRB TAp oA I 2 BEE AT B B pF
R - RERMP YT T RFER AR E B FE R TE LG S
RPEBRPE S RT RS BRI LERE

2. =z LB R P 0 AFEFEIE B ELOE RIS S AL S 0.080mm - 4p

5*&\

AN

=

PO B B 2 60 0.424mm 0 AR Y 20 R RF OB gt o
oAy R E E 00325 3 kmmizen0.0690d SV LAY L FE 2
TR R e 2 BB o

30 P ET OUEERE > G EE T ERI M E T E RB e (7 K RT AR
FRpFRERRY 2 ERETS AT HPHBEFER -

4.iPi&@%%éﬁﬁwﬁA§%\?%ﬁ%¢m¢ﬁ*9@’ﬁipf
2 B R & FIAR AT S chp A R B g
WA € ik AL T PR

5. d M AFEZZMAE RSB TR HREET UFRAP L DT A
PAR BEA AR AR S AT A A 2 40 A 0 e P R 0 AR BR L s
A- By £& e iE .

6. AFEFRY Z A EF LT RILE Rk o HE F e P 2P
gFRMEE DT F AT CCORA A2 R AAEy P v s
Bl 2R MAF B e

68



6.2

AKRE Y

AR 2 BRIE R

-‘q\

ERUPHCS ¥ 3 r R EALS I RRAILE S e

LIRS B AR 0 MR G A ki o

FIL R AT A 4 chjp 4 s 3 BRI B % i RAE > 2 R AT ALY sk
SR FE S B RPFOEIERE 0 A RS T I e kR
GITEY o WA A adp iR R AR

2. B HIER IR Gt S BRI E RS A F A 2 M &

L FHFET NP R @A R B ISR

1.

A

A\gfé’%\;:%_‘/ﬁ'l“l'%mdr% ME R EEmR M AR FE AR S
AL 2 BRI RIREFE T B Rijprer A2 T AL B
4, RGP HE LRl Bd 0 Al Ga 3 S0 HOER A L3

F S A g -
B E O RRAT

J‘

~

P
£

X EZEROFE T A A K
Rl 1 cofhag

& FF k2

\F‘b H
i

J

5. iwEEIA 2 % ver+fie £ openCV £ SV B2 FERRE > A k¥
TR P NE P ES SREPE  RBE L0k

6. BRGELS 5 d R B S ST RR] A L B
P PX : "’lzécﬁjgx Fﬁ’-;L\ﬂ“ié’ i‘g%‘?iiﬁq

7. d AP AR RER TS BRI ERAZEI{EORE ATV AR

8. B aven kMR VARG Aesph g B ART Y AT TR

69



[1]

[2]

[3]

[4]
[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCE

G. Sansoni, M. Carocci, and R. Rodella, "Three-dimensional vision based on a
combination of gray-code and phase-shift light projection: analysis and
compensation of the systematic errors,” APPLIED OPTICS, vol. 38, pp.
6565-6573, 1999.

S. Zhang and P. Huang, "High-resolution, Real-time 3D Shape Acquisition,"
Computer Society Conference on Computer Vision and Pattern Recognition
Workshops, vol. 3, pp. 28-37, 2004.

S. Zhang and S. T. Yau, "High-resolution, real-time 3D absolute coordinate
measurement based on a phase-shifting method,” Opt Express, vol. 14, pp.
2644-9, Apr 3 2006.

P. S. Huang, "Color phase-shifting technique for three-dimensional shape
measurement,” Optical Engineering, vol. 45, p. 013602, 2006.

J. Huo, Q. Wu, and X. Zeng, "A technique of phase-shifting for 3-D
measurement using spectral-transform," Optics and Lasers in Engineering, vol.
51, pp. 1133-1137, 2013.

M. Takeda, H. Ina, and S. Kobayashi, "Fourier-Transform Method of
Fringe-Pattern Analysis for Computer-Based Topography and Interferometry,”
Journal of the Optical Society of America, vol. 72, pp. 156-160, 1982.

R. Onodera and Y. Ishii, "Two-wavelength interferometry that uses a
Fourier-transform method,” Applied Optics, vol. 37, pp. 7988-7994, Dec 1 1998.
O. A. Skydan, M. J. Lalor, and D. R. Burton, "Technigue for phase measurement
and surface reconstruction by use of colored structured light,” Applied Optics,
vol. 41, pp. 6104-6117, Oct 10 2002.

P. S. Huang, H. Guo, P. S. Huang, T. Yoshizawa, and K. G. Harding, "3-D shape
measurement by use of a modified Fourier transform method,” Two- and
Three-Dimensional Methods for Inspection and Metrology VI, vol. 7066, pp.
70660E1-70660E8, 2008.

H. Dai and X. Su, "Shape measurement by digital speckle temporal sequence
correlation with digital light projector,” Optical Engineering, vol. 40, pp.
793-800, 2001.

M. Dekiff, P. Berssenbrigge, B. Kemper, C. Denz, and D. Dirksen,
"Three-dimensional data acquisition by digital correlation of projected speckle
patterns,” Applied Physics B, vol. 99, pp. 449-456, 2010.

E. Valero, V. Mico, Z. Zalevsky, and J. Garcia, "Depth sensing using coherence
mapping," Optics Communications, vol. 283, pp. 3122-3128, 2010.

M. Takeda, Q. Gu, M. Kinoshita, H. Takai, and Y. Takahashi,
"Frequency-multiplex  Fourier-transform  profilometry: a  single-shot
three-dimensional shape measurement of objects with large height
discontinuities and/or surface isolations,” APPLIED OPTICS, vol. 36, pp.
5347-5354, 1997.

R. Ishiyama, S. Sakamoto, J. Tajima, T. Okatani, and K. Deguchi, "Absolute
phase measurements using geometric constraints between multiple cameras and
projectors,” Applied Optics, vol. 46, pp. 3528-3538, Jun 2007.

J. Tian and X. Peng, "Three-dimensional vision from a multisensing
mechanism," APPLIED OPTICS, vol. 45, pp. 3003-3008, 2006.

W. S. Zhou and X. Y. Su, "A Direct Mapping Algorithm for Phase-measuring
Profilometry," Journal of Modern Optics, vol. 41, pp. 89-94, 1994.

70



[17] H. Guo, "Least-squares calibration method for fringe projection profilometry,"
Optical Engineering, vol. 44, p. 033603, 2005.

[18] P. J. Tavares and M. A. Vaz, "Linear calibration procedure for the
phase-to-height relationship in phase measurement profilometry,” Optics
Communications, vol. 274, pp. 307-314, 2007.

[19] W. Song, "Phase-height mapping and coordinate calibration simultaneously in
phase-measuring profilometry,” Optical Engineering, vol. 43, p. 708, 2004.

[20] R. Leach, "The Measurement of Surface Texture using Stylus Instruments

" Measurement Good Practice Guide vol. No. 37, 2001.

[21] Y. Morimoto, M. Fujigaki, A. Masaya, Y. Amino, P. K. Rastogi, and E. Hack,
"Shape Measurement by Whole-space Tabulation Method Using Phase-shifting
LED Projector,” pp. 377-382, 2010.

71



