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Abstract

Digital image correlation (DIC) is a convenient and practical optical metrology for
non-contacting and full-field deformation measurement of structures, which has been
commonly accepted and widely used in the field of experimental mechanics. This thesis
mainly contribute to develop high-accuracy sub-pixel image matching algorithm in
home-made 2D DIC and Stereo DIC software, and apply to mechanical engineering
(dynamic measurement), civil engineering (static measurement) and biomechanics.
Firstly, an inverse compositional Gauss-Newton (IC-GN) algorithm with projective
shape function is proposed, and compares IC-GN method with first-order and second-
order shape function measurement accuracy in different deformation conditions of 2D
and stereo matching. Measurement accuracy of the 2D DIC software is verified by SEM
DIC Challenge testing images. The strategy of 2D and stereo matching of stereo DIC
software is presented, based on different features of shape functions.

Secondly, a Stereo DIC system include a high-speed camera and a set of mirrors is
applied to dynamic measurement. This method can remove the synchronization and
solve the high-costing problem with two high-speed camera system. In addition, a new
technique is proposed to find the mode shape of structures by band-pass-filter method.
The resonance frequency, resonance mode shape and full-field transient displacement
response of a cantilever thin plate are measured by single high-camera Stereo DIC
system. The Fotonic sensor (FS) displacement measurement instrument, theory and
finite element method (FEM) are used to verify the measurement result of the Stereo
DIC technique. Thirdly, in static measurement, 2D DIC and Stereo DIC software are
applied to the cyclic tests of cylindrical concrete containment structure in nuclear power
plant. The three-dimensional deformation, vertical strain, horizontal strain, open crack

width, position and slide of shear crack of RC containment structure are measured and
"
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are discussed in detail. Finally, an irregular template subset and second-order shape
function of IC-GN method is applied to cardiac medical image tracking. This method
is used to analyze cardiac ultrasound images and cardiac magnetic resonance images.
The result is compared with the measurement result of the commercial software and

artificial analysis.

Keyword : Two-dimensional digital image correlation~ Stereo digital image correlation
Projective shape function ~ Inverse compositional Gauss-Newton algorithm ~ Full-
field measurement ~ Vibration ~ Three-dimensional deformation ~ Shear crack ~

Cardiac medical image tracking
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11 E{f®

- P E R B F R L B T LS RS BT
AT E @ SRR R0 e TR AR R A TR AT L R
7 "L~ 4 /% (Finite element method, FEM):& (7 8 B38 5 (S @ P55 % - R - &

ST W B GER DR 0 e P G fR4T 8 FEM $30 4 450

A duE R FXTFR AL ITEEEF BTG LR ;ﬁ%ﬁﬁ SR R
T 34782 FEM B3k chl el & 5% & ek frah  SpF > & A § @ 0 i

BAl o ko depE s Rtk B sk BRGE S e 2
) o AN e F) o Fla B 119 % 4 8 (Experimental mechanics)e# 3
AR B AR PR B A EE S IR RPN
hF sk BaAEE o ApROT BRSO R S N 4o % % (Strain gauge) ~ £
# (Dial gauge) ~ 2 |4 5 fc i~ i 3% % (Linear variable differential transformer, LVDT)
FHRPEESEGCE R R R EE RN 25 3 A RS >
BERERI REEERRZAHN ZRB LB CEETHR FE R
sLpli ki o B P & 325k 382 (Photoelasticity) [1] ~ & &2 (Moiré) [2] ~ 7+ 5@
gL+ 3 sF(Electronic speckle pattern interferometry, ESPI)[3] » #X @ } it fix 5 & een

KEFRFE2ZERIES  wwEFRP LS A \&%%\aﬁ%ﬁ&i’ﬁ{u

5

i+ ] % (Fringe pattern) s} 5% zed & 85 1o » Tt F PESLOUM AR 0B S B

BEREE ST ZRUALS NI A g R R BB E o
REE L R Rk A i Hoeend B Bo B abneiee 1 B R P B o

TR Ll AR ¢ RS R R RS B HE T

& o Tl iE bR 3 1 B B2 ttp BE 2 (Digital image correlation, DIC) [4][5] 1 &
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PR A 15 B RIH o DIC £- BRI N - 2k B RS2 |7 &
B RERE BRI A P Ao B o T e TR R R Bl A

BABEUF N ERUIESS S EREREE BN ERS N ERE RS

o

Sk BERE R PRk E A B HAG PR R % 1F DIC g
Hd 3PFRFEIFRPFR DN A 0 B ST RE E sni R BRE S 4 R E
DIC = 2 et E PR & b8 1€ 2 Apf3T 3 Sk & £ p > 2 > DIC #2328 Bl
e BB R i o FPtiTE Ke 5l 4 fé_é?ﬁﬂf}:% DIC# 7 - BELER* » pave
AERY AWMEIE I AR RN E A5 EhF%ER Y -DIC &
RFELARTFET > w7 A LB HATRGIFFTEZ Bl B g i fd
F R AEE L R B

S U

.4 e 3 DIC #jfrf & it cndic#8 > 4o % W Correlated Solutions = 7 i £ &

-

FERENLE 2B B VIC2D/3D ke ¥ BRI A2 AR R E R
% 14 B Gesellschaft fir Optische Messtechnik (GOM) = @ & & # ¥ * 5.+ &

(Technical University Braunschweig) 2. 3 > B % ARAMIS % ; & =%

4*’%

(FePRITR LI ELES P T TABTF LT BH
XJTUDIC kst o 2Am B 42phF 2 @ * ¢ B &t DIC k3l &2 &%
7 DIC grdg ¥ 27 sc Bt > Bt DIC & 78 2 chERIH AR &8
do o0 X0 RSB 0 SR R ehF RPE 0 dodk SRR 2 S M BLR

HOLR NRREBE 0 § BTN RN L A B AR R B AR S

12 = pw AR

2D DIC sk 5 & plHitrsd B 1980 £ FF > 5 2 e + B % 3 < £ (University
of South Carolina, USC) & L B 2% > 424~ Peters[6]% A %% ESPl chjp® > & * §
oA BEPR S B R A B o e B FRIF R W B A 2 il i Ap M Gk
Mid A T RIFCHERGESETRER IR FE R FHRGRHA

2 (Experimental boundary integral, EBI) {8 € Bl % 38 2. % m J& 4 - £ F Sutton[7]
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FARSEREY A0 b Bena Bl o Rl s 2] 2 3F 5 3 B £ (Subset) -
@ * g 3B (Bilinear interpolation) 18 ] =t % (Sub-pixel) 5% F4 #ic e » I 3
di e fm iz % (Coarse-fine iteration approach) i & -] ' = % 5 jear & 5 17 3+ &
Lz > B- A %8(u, v, dulox, duldy, oviox, ovidy)  BRIBEE R
RN T B ¥ ¥ Peters[8] & X i@ ¥ Al R i TR Rl E h i R &
R4 e d £ 8| - Chu[9] % 4 :* 2 & 4p B (Cross-correlation) 7 dic » 1 & %] i *
EPRS A S BRI A B 323 5 LR DER HEDIC B R %
4 B AF B g 4o Sutton[10] F 4 #2 Bruck[11] & 4 # * 2 3 3 45 & 2 (Newton-
Raphson method, NR method) B~ it e fmi% (7% > 4 4p e e Bl R T < fg" 1 DIC
gt 5 PR - Vendroux[12] % 4 #-NR method ¥ 3+ % % g+ (Hessian matrix)
B FFIE LG R DNITWRERCI T E R EELOEF oI P W A R R FR
Fhwma—rERA5 > 218 LU[13]E A H I @ * - pE %A 2 8c% &£ NR method £
Bl 4 A G %) o Pan[14]% 4 b= B E K AL L ® * & DIC 458 = 53 B
$AEF x> & FEAp M G dcik B 40%F = (Correlation coefficient peak-finding algorithm,
CCPF)~ ## & 2 # . (Gradient-based method) £ £ & /it ;2 (Optical flow) £ NR method -
2% NRmethod st B 2cF i » EHRBEEE o
Pan[15]# ! DIC & jpl4% ~ 1T 323 & +- & (Mean intensity gradient)z_ sa 21 28°
G BRI RARE C BEFHEP R D RT3 X (Zero-normalized sum of square
differences, ZNSSD) ~ % & H.i* < * 4p k¥ (Zero-normalized cross-correlation, ZNCC)
21 2 BRI ALY R R 4p B (Parametric zero-normalized cross-correlation, PSSDay) i
iR GEOE R ¥ 48 - 82 NRmethod % § chp fdeF B 82 5
dp % &) T 3 2 (lterative least squares, ILS) » B« {8 4-% DIC £ 0] 3 L] A5k 2 R
- HEIER N B LI R PER DA T AR EREFTS -
¥ eb Pan[l6] % 4 & 41 ¥ F B E v =8 HF K % (Reliability-guided displacement
scanning strategy) P~ X L PFNE B A IEF S E 0 R FATY 2 H P G

FEY P IEE T > A A7 2 98 4 DIC 3 B g o
3
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Baker[17]% A #& 01— f8 22 i v fp4e £ 47 1 45 &2 (Forward additive Newton-
Raphson method, FA-NR method) % i (e 3- 5 »cF o B B jA0F w5 2 - fies &
% & = B 272 & % (Inverse compositional Gauss-Newton method, IC-GN method) »

TEFRTRAFTEZ AT RHRE T B B E B Ry R IO EH F R 2 [18] -
Pan[19][20] % * & & #-IC-GN method /& * & DIC 4g 3 + - fe 85 iR "¢ — [ %
A5 48> 15 % Gao[21] % 4 & ) IC-GN method 45 e = P+ %25 % Bcelp (5 = 2 >
I 4wt e IC-GN method $5fie— FA&E Z FF %) S dic > Bt - B40F & > g
F b Bt B - P IC-GN method if * »t0) %3502 @& o - pF IC-GN
method if * >t F FF A3 +x $3,00- A EF & - PR o 7 & &k Blaber[22] &
AR - 2 é’u‘}ff 12D DIC #c48 » @ * MATLAB #2533 #% > » #* IC-GN
method i* 2 ¥ dEF ez v o p o & DIC 483 ¢ IC-GNmethod & = 3 4 jien=t
G E B AEE FE 2 o

Stereo DIC & p|#itFg £ d Kahn-Jetter[23]% 4 48 41 > @ * 3 S T 75 &3
WA G a1 2DDIC s = & R RIL A7 E* SR 2 BA G
*hsgEasEpl o Luo[24]%E 4 @ * 3 BIL A 443 2 tfdp #8123 (Ideal pin-hole camera
model) > 1% #ip @ vz 27 Fehghz 22RMPE ) T3 KD 372 La S48
2 BRI S RIRET A DL L AR N IV SR S ES S AP
Weniz ¥ BdpdE s R e 2 L DU B ASEF N EFRS R TSR ARG ¢
#7528 p o d >t Stereo DIC chif Uit 2 7 2R 2 H-cnfF (> FIP AR R Lk * &
fEEpF N b fi )2 fRd R RI[25-28]0 ¥ b FF B - AN % H Apisan
Stereo DIC #jt7 > 4 Genovese[29] & 4 4% 41 i * H — Ap48 % R4k kg {7

Flzk a8 ch= 255 8 R &2 BB B ehz W%, 2R WU[30] % < » i * H - 4pis
F 6 £7

c:i“.*

* R A A K KR 7 R ok RY iE GREE R g b AR R > ¥
Pankow[31] % % Rid& &1 i@ * H - Ap 4% & st4ia ko> 2 {7 Stereo DIC £

Bl TR A F R A TR o Kieu[32]F A & i H - ApS 0 F BE A

doi:10.6342/NTU201601337



13 FMEMA

A AR MF-BAIE AT AEANIVFFALRGEFFE RS
3% 91 IC-GN method # fie 4k B2 5% Sl ® 2 HIEF « QB F N E 4 A {84
% (GUN A & 72D DIC #25¢ » #5* 3R PP GIEF F L2 - QF #1123
A ¥4 5 (GUI) R & ch Stereo DIC #2538 » T4 * B AR GIEF 782 o T uf

WA RAESE Y o 2 u 5 ()RR fRakE Y > 2 % Stereo DIC £

BIBEEE 2 BB ER - (A A1 Ea¥ER Y > & * StereoDIC ¥ 2D
DIC fia* »* % R R B S HE F B g 7 hz a%a)2 Hidd £ DR Rk
o (3) toos BEF F AR 0 B - EATOR GAOF T B2 T TS RO PR

FHUGLBRE A4l - e LR EF P F A BT

¥-F w3
AEAG ALy BB E ;}gﬁ%v)}%m@?b’ad\q g,:q‘*‘_?rm%‘z’f?-
Fod EKCRGHMNZERIRREAL:

rAE AR RAHY TR o DIC s A#H P T R~ 2 HAE S %
R GAOF T E 2 DIC BRI 2 onfEig e ok ERIFFA TR ¥ cip MK K 2 BRI
R Behr o

F2F FPRIEF LI FRLEE

i

% 7 AEP IC-GNmethod » # 4 w4z ¥ IC-GN method # fie — F& ~ = ¥ &2
PR S B RS F ol P AR SR LT R RAEIRT

MIF S HIPER PHEHMHR  BRFALATRT P FRF2DDIC 42
;¢ k%> ¢ * SEMDICChallenge # i ciipli2 B fsk H#H R RIH R » B8 5 &
F%F P (THEFhStereoDIC 425 > d W m & 87k S0 Beehip) 3 8 % -2 Stereo
DIC #23% $4% = S0F & = WEF 0 Hilog » D@ ¥ %R T kndig 4 M

Stereo DIC 8 ip| A 45 F o
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Yrid BoPHERFEF2I MELEER:

AR p LA S H AP Stereo DIC ch @ RIZEK - o BFfE A = + B2 ele R
MU EFEHEPPOTRERS MBS PRI SRR E RS 2 B
NA A E B EREIFTLRRG AR AR AR B
PR RE o SRR RN R R RIS REL T
B ETE FEM R3S EF%REVH - BRF ERIRAFAEFE L Fn i jrd o
FRER TEREEHBIFS)ERIEFEFTH - B ERIRBA T2 sk

RS 8 B 0 ¥ FS 1% 12472 FEM B @ R R (700 IR -
FId PURFREMSHELS R 70z 0% Juid Lo RlawR:

AEF LG ASREMOE LB AT S Mt B Pk R Ry
Stereo DIC £2 2D DIC 58 BB FEfE L -k T B3| BB F LS N kv it
F%3; » #-StereoDIC &2 2DDIC e pF & PIFIFERE ) 5 % T Gt iRE %E > /&
3% Stereo DIC &2 2D DIC & plent grddfs > 1 * Stereo DIC & B| Bl e 48 ch= ‘o &
BRLE R e TR KRR FBIRPHEDNLA S a7
Stereco DIC £ RliZ R BT F R P L aBF LT R » &isie* 2D DIC £ R F
R Re P Aot 2ESE -

A RO pBEFE RGBS 17

AF SR FF VGG E I 5 AR eRF VGRS - £
AR RS S HFERS DR B FE G HO g B
RS RS RO AL B REE Rk B X R Y 2 PR ST s ROR N
REAUF I, B ts BRI BRAT S R B 2 SHPE L R B uho BOLE MR
EERT ORI FEFEF R X2 L L1 A7
FEEAFRD S BT CRFERAIOF 2 LR AN -

% BHREIAREBY:
ARG DL P FE TR FE SR A% P AR M AT

- e .
—Q,il’_jr%/{ 1 = i
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FoR OKRCEGAMEEIRREN S

AR REHECFGAIMZDIC)Z A A REEF %R I owmp 54
Fp DIC frn A s BT RIL - ¥ P DIC L= G AR &5 fik
WFERFEE > 12 DIC B2 2aisf o RS Ah~? 2R HRERFET
@ dpBEK B EPIRF DR A o
2.1 #=R4Ap b2 (DIC)f 4
211 R*h2

#c = jAp B ;2 (Digital image correlation, DIC) & - #& & #c =8 ¥ £ #F

Bl =B E - B SR AP S FRF R R o R
THRFAPRAF PG ET N D FHGF R E B W R jena i ag i
PBEFRY 20 A F B THIEEHEHE - L RE > AP EEHE -
FRAPGIOF > TP G ER NG E LY (Y)W RS
(Subset) i & i Bk - VP LG 4+ B & (Template subset) » @ s+ & &
g 5 (M +1)x(2M +1) > M 5 £ § #(Half-window) » ¥ 12 ¥ 7 I K 4L
R ERE R Fend § RS ) deR] 2-1 S e

R ot EhRT o FRP kG G Kganggey i@ DIC T
BOo 2 0 AEFRYF 20 EEHBER UV EAFRPLAn P - k¥
HepaBho Ao+ B S LR B FRF RO R 2 @uER 2 BRI
BB T R R RRERET R Ao 2-2 % 0 F - B
TR PR ER T S AR I o R 07 SR R N © ] R 5 ek B ] e
FAEF Y AR ARt oA T RO NREERE T URRE B DR KRG
PR L BFFHD S o B 2-3 - FEF & KA DIC i& 7 8 g gus e

Fohitd - b FRF R od R BRI ESREFT L RIBIY A
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BY SR EFEF B2 58 DIC TP pmei-fiFs 242 kpk
B ek P AR BB R EER R RN
212 P ik

fie (TR AAE B R T B & T RS B AL L A 5 B £ (Search
subset) » 5 7 & E R FEHWR T F g7 pedzR o DIC & % Ap Bl Th i
S B EWenip AR 0 v et S 03E 5 e M et B RE[4][5] 0 4 K

Fw o s i R o4p B2 (Cross-correlation, CC) 22 4% = = X (Sum of square

differences, SSD) & + #f - 3k lic 5 N enfiir + B & T=[t, 1.ty | 2 H&x

B £ S=[5,Sp Sy B BARNTAN M (g S R A 20 81 4 22 w6 o+

¢

i1 i1
N N
t=>t>,5=[>s’ (2.1)
i=1 i=1
N 2 N 2
At= > (ti—ty) As= > (si—5n)

T Pan[33]% A A< M RRT S L2 BBAY 8 KRBT
CSSD :2(1_CCC)
Crssp = 2(1-Cyec ) (2.2)

CZNSSD = 2(1— CZNCC )

PR RE - PAE RrrancgE o # % F & 41 (Zero-normalized)zg A e4p

.~

BT G ok MR BE R R AR 2 B

B 2-4 5 B B AR Bl 2 2 7 0 A0 F chr AW T 5 SRl %355 ke p
8
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B WP ST WG A g5 BRI A DA

5
&
ES
(@)
-
i
A
N
A

Bl 2 F s T8 P(Xy) 87 hin ko BR P8R DA 5 T

P(X\y) > s Bik? nPBS Y R MR R e € BRI RE
HEVR AL 2T LR BRI BT RS B
AWESIREOFERFIELETE T ROEFES ELHL P RS § & (Target
subset) » + o ALAp B 7% el BB 6 PH 0t R 2 B S R 5 P*(x*,y*)’
4o @) 2-5 #17 o
2.1.3 35k sk

212 &% izdhen= 2 R RO BE S B S AR BB HT
BPf o Ra a1 AR P RS R AF R A B G < RS A
AR DT GT BT AR gAY Fifﬁ N ¥ RPN I
Ft 50 FUE R e R BN Ak FRGIEF LR AR E S B
& #25,& S Bc(Shape function)shiEk > B % ¥ LB BEK § v /80 A B 5 K

R - PR S PR

BIRET B2 VAL FRERA M I H DS B TEHRETE R
AR A DERS o JlAct B L RFE B U L B B 2-6 5 BT # BRK T &
Blopedr+ B & n? B E (X Y)  Qatkir+ # &7 gk QBrenx S v e
S (X Y) B A Y S e B (xY) B Ay A QT(X ) B QKR A
enm ik o RARIRE B R Bl (X,Y) T A w5

xi: X+ U+ AX 3
y =y+V+Ay

HIULZXP o h|BEBE VEYy 3ok E -

BIRE R cn i Bk R ¥ S HORg Y R F R - Jlich 4 BB E T E
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B RS & S RINORE - 4o 2-7 9rF o RS B S Y o BIRS (XY)
Qitetr+ &% ehBh > QBLehX ™ wEHY BL(X,Y) 5 AX v Y & wEgEY
() 5 Ay > QT (X Y) 5 QbR R B {5 R e A
ko BI(XyT) T A F

X =c0s@-AXx—sin6-Ay
N (2.4)
y =sinf-Ax+cosé-Ay

He QL w|paggEand B E -

- PR ERE Y T BRI T B ARl R de W SRR Y o
B+ B E-FFRAERK 0 Aol 2-8 7 RFEF B S AR (XY) 0 Q
PRET R B QERX D EAEY B (XY) 5 A Y2 el g
(6y) s Ay > @ Q(X,Y') 4 Q- Rt PR IR =B > 1 1F R i s

EUREICH O

i

*
X =X+U+U, -AX+AX+U, -Ay

. (2.5)
y =Y+V+V, -AX+V Ay + Ay

HPUuZx > whlesE viy el egE u dubx? - R

Fou sUury P e-FRER VA VEX G - FREER vV AVEY D P
—PEE%%&°

BOS R S B £ S 1A A R Y T B B R LR HR
BAFRRERAL L o Ble Bl R R - W29 5 Z R EKRA LR i

Boad o mi(xy) Qafhird B &7 g > QBex v EEYY < B

(xy) 5 Ax -y dpeip cBh(xy) 5 Ay A QXY ) 5 Qebs i 6 Pk

10
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Hein B o g e e 18] I ()Y )T A A S

X = X+U+U X AX+AX+U xAy+%u,XX (Ax)2 +Uy (AxAy)+%ulyy (Ay)2

2.6
. 1 ) . (2.6)
y =y+v+vyxxAx+v’yxAy+Ay+Ev‘Xx(Ax) +V’Xy(AxAy)+§v1W(Ay)

HPuix*whlesE viy el eSE u dubx?e-HHE
Bou subyre-fREEko v, ivaxGe-phEER oV, SVEY e
—HEmEER U s UBRXG e BRER Uy AUBRXD Y el RRYE
ToUuy rUEY e fFhEER Vs VvaX? e FHRERK Vv, sV EXS
Ry e R Vv, AVEY S S iR

22 HHERFE 2

212 & ¢

[«

Sp DIC 4eiv it (78 fof B @ 13478 © B 1O ok

a4

(Integer pixel) » @ B2 §AEF F 5 2 4o% 0 F Bl i ok B 27 Lt o B
1 A2 BRI o Flp R AR I B 2 2 i = ik (Sub-pixel) ¥ sl R - A
FRTAF AL BRGRARHARGIOFZ 0 S u S AN DEBERF 2
(CCPF) ~ 2 # 4% %2 (NR method) ~ & & #p 4c 2 3F 45 &2 (FA-NR method) £z

% & = § #7247 ;% (IC-GN method) -

221 ipM GBciREIHF

10 B T Bl B 45 & ;2 (Correlation coefficient peak-finding algorithm » CCPF) [34]
FEd OFAPM ChlciE S i g o & 7 F iR 2 (Integer pixel solution) s - 4% ¥ )
M GEkES B 2 ¢ B x5 3x34p B % #ic =t 2& 'L (Correlation
coefficient sub-matrix ) » @ * = ~ = =X NI E AP GEcEL > BT R
Mk &4 B %0 F (8 = kR 2 (Sub-pixel solution) » {8 #-E #icihoE 34 b = i

% (219 7] %, f2(Total solution) - 4-®) 2-10 #77 » f 5 % Bk A rsEd > g 5 %

11
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A IEE T 5 4B A B 10 S B S (X, Yo ) B T 66
Comh gAY BETARE (X)) S ERUMGS ELAE S L
TeSehg £ 8B £ 5 N - ph B82S R Y LA 22 4p b (NCC)

N
t-S
Cnee =0 =— 2.7
NCC = t.s ( )

BEFRFEFEETHEVR xSl GEE L T3 B RES 4oRB 2-
11 9557 » ApB ABHHE A @B T 5 F Rk B Gk 12 (X, ) 0 B EE D
B Al < B0 wn3x3E s U RB AR Y - - S AN LS M Gl
o

Cree (% Y) =8y +aX +8,Y +8gX° +a,Xy +agy” (2.8)

Fedtag ~a > ay > ag ~ a8 ag hlicis > H2.8)N M BT L ¥ 7

aCﬂ:al+2a3x+a4y=o
(2.9)
oC
—ah;/cc =a,+2ay+a,x=0
Te A= R A
X, = D v
s (2.10)
28,085 —ayay
Yo=—F—
PlRdE+ B 6 T e W funk =3
X =X +Xg o1
y* = yi + ys
T ES RETEBE
u=X +X, o1
V=y +Y,

CCPF:-E fj8 ~ poig » 2 ¥ 3-8 M=t ok =4 » e & CCPF ¥ 324 ¥ i 7l 4%
12
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5 e~ )R Sl TIR RO SR 2 2 RS

222 LIEPAFHEE

M ADx(M+ ) B+ F & 0 B Bk G (Xy) 0 AR - Bf Sk

]
Eo:[uo Upx Uoy Vo Vox VO,y] PR - PR BEREIRE S B AR
FE o RIS B & QERIEMRY < B (AXAY) 0 A1 Pk g Q AT
DR

X =X+Uy+Uy, - AX+AX+U,y , - Ay
. 0 0,x 0,y (2.13)
Y =Y+Vy+Vy - AX+Vy - Ay + Ay

PP EDesF 6 ROURFEF R 2W0F 3 F 6 oniphl i HApH thie

AR EDRART S L £E A 22 88T (2.1)17 5

* * _ 2
f(x+Ax,y+Ay)-f g(x,y)—g
Cznssp = - (2.14)
Ax—ZMAyZM Af Ag
T
BRBEFE T S L3 - RV EEP=[U U, Uy Vv, v | BTN

G A Po R — ]‘bf}xﬁi BB B E T

Canssp = Canssp (By)+ VCanssp (B))(P—By )+ H.OT (2.15)

s

® HOT 5 B 17 » %2 AP=P—P, » £ #(215) 0 g &

6, 06C P
Canssp = Canssp (Bo) + 2 %(AO)' m
m=1 m

T b P s e D o
A9 AP=[AU Au, Auy, AV AV, Avy] o E T i Ry s E R fRP e

AEAP - #(2.16):  $ P e pies £ 4 H 230 F o i 3
13
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Canssp _ 0= OCanssp (P) N 26: 0*Cansso (B) AP

. 2.17
oP, P =T PP m ()
Hoe
8CZNSSD E’o Z Z X+Ax,y+Ay)—f__9(X*,y*)—§ . _6g(x*,y*)
P A=—M ay——m A Af Ag P,
(2.18)
B
0*Cansso (P Z Z 2 Gg(x ’Y) ' ag(x ,Y)
8P 8P Ax=—M Ay=—M Ag 8Pm al:’n
N 2 f(x+Ax,y+Ay)—f_g(X*,y*)—g _8zg(x*,y ’)
Ag Af Ag P OP,
(2.19)

b 35(2.19)5% a3t B 1 iET s 1245 Vendrous & A #(2.19)58 P enF FEE £k

T N iT R
22C ~ 2 ag(x*, y*) 8g(x*, y*)
6225273 - Z Z '

(2.20)
AX=—M Ay=—M Ag aF)m al:)n

(2.20)5% ¥ =~ tg A& &> NR method &3t & PR » #5383 s0 B = 4825 38 18 3]

0=VCyyssp (B)+H-AP (2.21)
B220) I 15T 1@ B By $1 5 R P L i AP

AP =Ag-H™-VCyssp (R) (2.22)

\S

B VCyssp (P) 540 H Glicit— FER PR > BERV LB A

VCZNssD ( E’o) =

)
aCZNSSD ( EO ) aCZNSSD ( EO ) aCZNSSD ( EO) aCZNSSD ( EO ) aCZNSSD ( E)O ) aCZNSSD ( EO )
oR, oP, 0P, oP, o, oP,

14
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(2.23)

AHLHHEL #Chuep M BFCHORHERT 17

%c(R) o°C(R) o*C(R) &°C(R,) o%C(R) &°C(Ry)]
oPOR, PP, OPOP,  OPOP,  OROP,  OPOP;
0°C(R) 0°C(R) o°C(R) &°C(R) &°C(R) 0°C(R)
OPOR,  OP0OP,  OPOP,  OPOP,  OPOR,  OP,0P;
0°C(Ry) o°C(R) o°C(R) o°C(R) d*C(R) o°C(R)
o OPOP,  OROP,  OPOP,  OROP,  OPOR,  OPyOR (224)
o*C(R) o°C(R) o°C(R) 9°C(R) 9°C(R) 9°C(R)
oPoR, PP, OP0OR,  OPOP,  OPOP,  OP,0P;
0°C(R) 0°C(R) o°C(R) &°C(R) &°C(R) &°C(R)
OROP,  OROP,  OROP,  OROP,  ORAR,  OROPRs
0°C(Ry) o°C(R) o°C(R) 0°C(R) &*C(R) o°C(R)
| OPOP, PP,  OPOP,  OPOP, PP, OPsoRs |

Bk ¥k FE 5 B o @& * NRmethod #4182 8 4 j2cni & AR > @ % k+1
R =R +AR (2.25)
Bl 2-13 2 NR method s medp (42 > NR method 272 88 dafim ™ » 281 e
FEET 225000127 5 g2k NRmethod st B4 B 18 » R j€ B 2-13 ¢ ¥
124 3% NRmethod &% =t endfp 8 ¢ o dp B (h et — 3 %75 8 & VCqsep (B)
Bis el H T]*w’» RFEAE - 5 A B PG AR o
223 I v fpic L HEPAGHZ
I o fpbe 2 5 3 35 &2 (Forward additive Newton-Raphson method, FA-NR

method) [18]zc % 2 # 32 4% £ i (NR method) & — =x ehdp & 382 0 € 373+ 5 4 M
By %7 S8 B VCysep () &2 BB H « Bk HRiF 3+ & & A rF & %
A iSRG R AP M i ) %ﬁﬁiﬁ‘;}iﬁﬁ%*?ﬁ Hom < k&t

15
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EH R FHRNPEONBEAFET UL RSWE I F DA EHTF PR

RSB S E R > B NR method & - =

iy
o

Vi
PN

#

A

BT
[\

B ApBE adcenak 8k o B 2-14 5 FA-NRmethod 77 2. Bl > f 5 &% B ke >

g5 RVPGANEL 25T RGP ) S M+ x(2M +1) S B

§
o g e mdR s (Xy) o RaER- 2 e# FEP=u U, Uy VoV, v ]
BF - [FRAVERXFIRFE T FERERFERRES & QIR v

= (AXAY) > 82518 hk = * B Q AT LB &

x | [x x] [1+u, u, u AX
=LAWL (XH+AX Y +AY,P) =] |+ T Ay (2.26)
y y y V,x Y v 1

H ¥ W (X+AX, y+Ay, P) 2% ) 3 ic(Warping function) » & 3% & #icv 2 8 j0 &

FEREEPEBF ORT RRNBRFEFIELEEWF I E LM Tl HAp M Tl

SRR FIARCRTS L £4 4222210 FF

2
M W, (X+AX, y+Ay,0)) - f g W, (X+AX,y+Ay,P))-0
Cznssp = Z Z l: ( 1 Af )) ( 1( Ag )) }

AX=—M Ay=—M
(2.27)
ARV HIF T B LM - B R BEAP > R BQR2ANNAL &

31

Af Ag

CZNSSD - Z z

M { (W, (x+4x, y+4y,0))- T g(vyl(x+Ax,y+Ay,E+A|3))gT
AX=—M Ay=—M

(2.28)

A9 AP=[Au Au, Au, AV Ay, Ayy] DT R (228)58 ¢ 75 £8P

- ?f*%ﬁt A U

16
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Mo (W (X +AX, Y + Ay, 0)) - g(Vyl(x+Ax,y+Ay,E))—g‘

CZNSSD - z Z

AX=—M Ay=—M Af Ag
09 (W, (x+Ax, y+Ay, P)) i
X+ AX, ,
1 ag(W( y+AYR) oW o (2.29)
Ag W, opP
og (W, (x+Ax, y+Ay, P ‘ y oW, _ -, ,
o 0 o YR s ews g s s menpa op 1P YR
~1 ~

R S8 R o fG I 7t 8L (Jacobian matrix) » ¥ 78

5W1:F AX Ay 0 O O} (2.30)

P |0 0 01 AXx Ay
ESR T el I S T Y

f = f (W (x+AX y+Ay,0))

g =g (W (x+Ax,y+Ay,P))

Vo~ 09 (W, (x+Ax, y +Ay, P)) _ {89 (Wy (x+A%, y+Ay,P))  og (W, (x+Ax,y +Ay, E))}

oW, Ox oy
(2.31)
P0E RFAP 2 B #(229)5% A4 B FH(2.29) N $HAP piea ¥ L B £ F

55' E,J

M M Tre ¥ 4_ &
8CZN55D=O: z Z i{vgawl} {f f g g—ng aavglAE}
OAP MM ay—m AY oP Af Ag Ag P

(2.32)

#-(2.32) 38 B & A5 5E 19 5

E B[R] oo £ 5[] [Fe-n-6-0)
B fs F A1 AP

17
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AP-HT S Z{ }B?(f f_)—(g—g)} (2.34)

AX=—M Ay=—M

He H L% &4 (Hessian matrix)

Z Z { T {Vg %} (2.35)
AX=—M Ay=—M oP
Bk B ke i Boo@ i NRmethod K412 £ 9 f2h% EAB » @ % k+1
X FiE
R =R +AR (2.36)

B] 2-15 3 FA-NR method 7% mendp i i 42 » FA-NR method £2 NR method # ¥
gk (3" FA-NRmethod #-ip B (8B & 22 5 I W ehandic > fie & @ 4 12 12 23
FREZDAEEF 1204 M EE o %2 NRmethod 8 ¥ % o
224 F o &3 Brdagik

e & =3 272 # 2 (Inverse compositional Gauss-Newton method > 1C-GN
method) [17][18]c 2 & & dp 4v =& 37 3 45 &2 (FA-NR method) & — =t cdp £ 38 &
“’KJQ TRV EHE T L Lo E s B R e 7 1t 225 IC-GN method &

LLRFPRBE TR - AF B E AR BHL T RS G B

_Jﬂ
=
il
e
P=-1)
A~
=
=\
w
P
&S
-l
'S
e
! -—
3
al
g’r
iﬁl

2-14 % IC-GNmethod 7+ %. B > f %

FEBGAEEE . gL VP EABEL > A2 G P a2 ]k

M+ x(2M+D) e+ & > B¢ B (Xy) > AR - B H Sk
T .

P=u u, uy v v, vy | @7 - R EREIEES A

IR T B & 0 QBRHIEAEY < B (AGAY) 715k QAR 11 3

*

X X x] |1+u, uy,  U|[Ax
Yo =|y [P Wy (x+ A%y +AY, P)=| v [+| v, 1+v, v[ay| (237)
1| |1 1 0 o 11
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H P oW (X+AX, y+Ay, P) 2% 2} & fi(Warping function) » d 3% 5@ 2 KB H

FRE B BT RRNRIES B AT B & PPN Gl B ARM i

DR PRARCRT S L 5d R 22 2(21)50 W 5

Af Ag

CZNSSD - Z Z

M (W1 X+AX,y+Ay,0))- g(Vyl(x+Ax,y+Ay,E))—g ?
AX=—M Ay= M|: :l

(2.38)
22 FA-NR method 7 F e28_> IC-GN method #.(2.38)5% ¥ ¥4+ E &3 4 - B
Mol it AP > @ F(238);MNA A& B FT

CZNSSD - Z Z

AX=—M Ay=—M

Mo (W (x+A%, Y+ Ay, AP)) = F g (W, (x+AX,y+Ay,P))-g 2
Af Ag

(2.39)
e AE’:[AU Au, Au, Av Av, A\{y] s 4T R$(2.39)58 ¢ %25 28k P

Y

= ]‘bi‘jxf*@tgt E R FI

CZNSSD - z Z

M { (Wi (x+Ax, y+4y,0))-F 1 8f(Vy1(x+Ax,y+Ay,Q))avyl.AP

AX=—M Ay=—M Af Af avyl aE N
(W (X+AX, y +A P)) g1
g (Wi (x+Ax, y+4y,P g} (2.40)
Ag
of (W, (X+Ax,y+Ay,0)) . . oW .
AV awy YO) ! s bossts mepin TRl 5 75 ekt
21 "~

%7 S8l R > f i & ¢ v 4B (Jacobian matrix) T 4G =

%_{1 AX Ay 0 0 O} (2.41)

oP |0 0 01 Ax Ay
LI E o BEEL

f = f (W, (x+Ax,y+Ay,0))

19
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g =g (W (x+Ax,y+Ay,P))

Vf_8f(Vyl(x+Ax,y+Ay,Q))_ of (Wy (x+Ax,y+Ay,0))  of (Wy(x+Ax,y+Ay,0))
) oW, ) ox o
(2.42)
LR RWAP L BT 6 (240)5 5B B T H(2.40) 5 B AP oA 4 B %
% 71

M M Tre ¢ =
Casso_g_ 3§ g{w %} {u TS E_u}
OAP s AL oP Af A P Ag

#-(2.43) 7 B & 45 58 18 5

£, £, B3] S

Ax=—M Ay=—M

AP=H™. Z Z{ }T{(f—f_)—%(g—q)} (2.45)

He 3OS {Vf ap} vt a_pl} (2.46)

Ax=—M Ay=—M
BERFKkZapEi B > a@* IC-GN method 1 & B f f2ecni BAR - 7 %
K+1= i

Wi (Bein) =W (B)-We (AR )™

-1

I+u, u, ufl+Au, Au, Au
=| vy l+v, v| Av, 1+Av, Av| (247)
0 0 1 0 0 1
20
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B] 2-16 = IC-GN method e imendp (X i 42 > fp i3t ] 2-15 » FA-NR method

TABRFR- B LB T AT AHRAET T H AP E L Soed o a

R 8138

R
,7- DIC AF‘E“ /n EI=L lz\% 2 lz\ﬁ[ﬁ?v’iﬁ (ﬁ—,—t /24: °

23 AP M A
Bt AR i g 2 R

AR

BRIASE - S kwESF =

LRE e
LR H - fordp s

f§tn M i (DIC) ¢

FETARGAHE F4a L 0 Ftpw IC-GN method bt

% e

e tp M

E A LA AR M AR MR R TR R R

(Computed tomography > CT)

imaging > NMRI) ¥ 12 45 f8 p $R38 {7 = BiFde =

R

& Z_¥ 2 = & = i (Nuclear magnetic resonance

it B2 A

2 A BN Bk lszE} B2 2 = i B lszE} B2 o

231 = afkBidn M

Bl by

- $ciripidesrF Ry 4o 2GR ¥ A F

2D DIC ¥ ic:igiv= eg p 3,88 - B 2-17

(Pinhole camera model)[35] -

%%@N)’1@Mmmmmmm9ﬁgﬁkﬁayﬁﬁug@%¢(g

BLze b gkl B AR

. 1§4p B ;= (Two-dimensional digital image correlation, 2D DIC) i *

Bl o 25 =HE 0 0

- BRI S i)

(X,Y,Z) #5451 B i

¢y) > B if 80

PR S EREf o BB SRLO R L B Z o 4oW] 2-18 HrT o 4ok

LB PALB AT EFDS B 2357 B2

(u,v) B =T 7| epd 7%

FRH(X,Y,Z) &8 s ik

(2.48)

(2.49)
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PepELS Z G- BB HNFBAE L, > BT
%du —dX | %dv —dY (2.50)
He Z/f 55 P %#(Gauge factor) » & 8515 ¥ chELFH 0 dushipd > ¥ LR

FIER AR (Z/ ) dudged Tz B4t 22320298

W

Bt ] 0 (250)5% Ade Ew F1Z B Z & ¥ #o #r1 2DDIC fiE {7 R
fcF B

SO

5

B - TERAPHRTFLERAECO A I hFog it et 3

iy

i

FoEeH FRFZAIAFEF 2B SFEELFZD7 b il® o =R

\\\?{r

foo ¥ 23 2D DIC A E A ART R RIREA
YA

Creal = T

e (2.51)

pixel
’FIT v erea| ;‘;‘ ',E'I-T ? rf’lgf—;; ’ ep|xe| ;;‘ "%"_/% ﬁ’;ﬁ?;_ °
232 *MBrBidp M

= %8 > B tfAp B 2 (Stereo digital image correlation, stereo DIC) i * & B &

AR AP F R A G DR A A T AT ERIP A G 2 ma

)

~# % > @ stereo DIC ¥ i {7 = @ehg p 226 ¢ chgpa; 8] > 22 2DDIC ¥

—

feiB T Mg AR P et BE o K@) 2-17 P 4RI s A B o - ARt engt
+ [35]
sm=KM (2.52)
He
u f, 0 c, X
m=|v|>K=|0 f, ¢, | M=|Y
1 001 z

m=[u v 1] s ®4aE M=[X Y Z] 5392 K Lipgp 5 fice

Losi RFS o R f, Uptek T L g ik 2w (o0,) b
LR MR AR ) 0 E R B RM LSS RO B F e
22
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T BREEL Oyt RS 0 TR BEM ey E

M =RW +T (2.53)
_,1:‘_! =
Rii R R Xw T
R=IRy Ry Ry | W=1Yy, |»T=T,
Rs; Rsy Rss Zy Ty

W=[Xy Yo Zy] 5% R RGBS T 5T HEL > 4
] 219 7 o #{(2.52)3 & (253) 5% & @ # 5
sm=K(RW+T) (2.54)

(2.54)5% % ¥ — fiedp B4 T0 & A ch- AR 5 K © Ae(2.54) 5 ¢ cdp s

;\A

MABAEL K ~ B L R 2RI HEET > K540 ¢ T o

JT‘ = |I} %\J‘rgtw [XW YW ZW]T ’ f_E_ ‘,::";j g p,,," ﬁi‘\. ) I——ﬁig L {4 ’— [r\lg
Eﬂ’%QZQO%ﬁ’p%%%%ﬂ*“%’ﬁiﬁiﬁiQ%ER%ﬁﬂﬁ
gi’)» Boif? pRani- i IICE: R SHcimAp S o deB) 2-21 froT e

G LRGSR R AT QRERES - R ERMIIZHGS pB
e o R R LR QErY AR QBEE REAE T R m ) o G S
R e AR KRR« T M S R S 4

A e A N
sm_ =K (RW+T,) (2.55)
s = Kg (RRW +Tg) (2.56)

THLAA Bl THRR AL LB fungd B¢

U, fo 0 cy Riit Rt Rig Ty
me=lvp|> Ke=[0 fyi ¢y | > Ri=|Ro Ryp Rog | " T =Ty
1 0 01 Ryt Rl Rase T
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Ugr fr 0 Cr Riir  Rizr  Risr TR
Mr=|Vr | > Kg=|0 fir Cr|’ Rr=|Rur Rypr Ry |’ Tr=|T
1 0 01 Rsir  Raor  Rasr TR

W2-22° R g 20 Fl+ 8 feni i ed T o5 2B T+ i
AT # 4B > (2.56)50 7 1L ee B A

SMg :KR[RLfR(RLW +-[L)+-[L7Ri| (2.57)

sR =1T, =0 (255)* #2571 F g

BN

sm =KW (2.58)
smr =Kg (RL—RW +IL—R) (2.59)
S g 4
Ri1 Ry Ry T
R=R_ gr=|Ry Ry Ry|  T=T gr=|T,
Rs; Rgy Rags Ty

BT (258) 2 N3 (259) B B ST Ul A w RS 2N

fuX+(c —u )Z=0 (2.60)

fuY +(cy —v )2 =0 (2.61)

[(Ur ~Cr )Ray — figRus | X +[ (Ur —Cr ) Rep — fiaRi2 |Y (2.62)
+[(Ur 6 ) Ras — FigRis |Z = FeaTu—(Ug —C,)Ts

(R LR (R A

+[(VR _CyR)RSS — fyr Rza}z = T, _(VR —Cyr )Ts
BRI IR > AFF T A8 % MATLAB 8+ 1 2 45 Sfic K& (7 4p

Wier > 223284 Zhang[36]4# " ¥ AL I E kY A 2 R 2 R 4pid

P F PR A BT R R E R P 5K B Ky o 2 A 2T
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AP 2 B ecna iR R B T HT pehiiddiced o F SERE #FF 2+
APt Sl @ 2 LB R R RAE 1S 0 R (2.60)50 F(2.63) 58 7 T Kz
EF - RO EX SYEZ o
24 BHKREAL

LisF DIC S BB Zen@ ok » @ ZF 5 5kP % cp &K G
WEERRETE DIC EREBESRTEOPI VS ARG BigE @t 3
ik B X TG H P o
241 g3

reh v F AT b 20k g4 2+ (Fotonic sensor, FS) & £ & MTI Instruments

Inc.74 & » A15L 5 MTI-2100 » H “F 4o 2-23 #7o1 » 5 2RI E gL - &

-

RIRB-FSLERFI S FAMT FHRFIR -ReL@ et 5 LR
H oo yed g iE 2.5nm o 4 F LR 500KHzZ » 542 R A T3 i N LR
FRrEen(Ee: £H BT BRI ) B eRBREAFS T 2 5k
GIE AR MIT-2100 f23 3 T8 RSB 57 3 Akiaa » »w s Bz
kgl 2 kg o A F FRAcB] 2-24 7 0 T A L 4% (Random)
(Hemispherical ) ~ I+ < (Concentrie) = fé o

FS h& Bl RIZE J| % Bk R TiE B R WP ST F PP+ > F v kak
RE G BB T wring > d LR PR R wRERDRE > B 2-25 &
T% RIZr LB § RBF B FRP IR R BT R R T kR A
2 EMEFERF A VBN G ERTRERETER S TG L5 BEATRE
BiFpr B IF 2 B g IR E > @ Bk R AR R (FRld 2 IR 2 R D
M TadeB] 2-26 77 0 BRIFFT A 50 B RE 0 A B IR AR F R T 0
£ 1 (Rangel) ™ 2 3 pld ik 0% £ 2 (Range2) » 7 FIR & | 4% & cfe
B2 mitd b BRI RESESR > S BRPEEPAF LB L 001754 um/mV 2

0.21533 um/mV > ¥ E B =4 & chfe Fl A S 5 98 um 2 1102 um > & [§] 2-26 » ¥

doi:10.6342/NTU201601337



FEFIARELOMRITAS R ERFR R EF REF ] EHBHTR A F

2Rt R M R ERIFERE E AT REFREHDER -

242 B RERI

AL BEFF Y e cng R HEEW L 2 R Vision Research Inc.#12 &
4185 5 Phantom v7.3 » ¢t gAcR] 2-27 #roF 0 F MR RE LT R o
Phantom v7.3 > t5 8 ifh% B v 5 4:3 > g % R 2 (CMOS sensor)jz47 & % 800x
600 pixels > Bl §u& A % 14-bit » & 800x600 pixels & f247 & cfiim ™ & #¥ 148
%&%8%%%,J?%é%@ﬂﬁ&%ﬁ%ﬁﬂ@%ﬁ%&*%ﬁﬁ&éBh
32 pixels i T & Fydp ecnsk v i 1) 190,476 5k 0 H P wm R 4oer B o
243 R ko HETRRE

Bk = & o (PVDF)E- 3 ~+ R e+ > § PVDF <34 it %3
o BT TImEAL T RF(E BT F 2§ e TS PVDR 21T
5 ¢ i PVDF &2 %7(4 /R T »c/s) > PVDF £ § 243 ends i £ 12 22 95 i £ )
4 @ At PVDF kBRI A AUEL S B RS 4 e PP B AR
B4 PVDF enfllfedtjice fpg ~RR I - RFV ERv MFARFE T A2
* Measurement Specialties #74 # 7 PVDF(Part Number : 1-1004346-0)4R 1% 4%
B Co H A K315 1s 4o 2-28 #7424 IRA L4 TR PVDF AR 4 i
EhGHHFY > TR B R o AHENE TR 2-20 HrF 0 HA )T
AL RETR A TRUED LA TG R AU TR R AR
AP B1E A THREEEE > Bl A PVDF R BE 9% %A

FiRlde b oo ARRETS TE B4R 0 4o ] 2-30 #ToT o

PVDF B L B g RIE 5 R4 p ¥ TN R~ 2> Higd T B
(Charge amplifier) #-g* ip] B eF 4‘5@%] AT RE S ALK FEH? P ks
PVDF L5471 * en jrtc+ B 4 331 KISTLER 2 2 4 # >3] 55 % Type5064B11
T $ e i 3 - 5 (Signal conditioning platform, SCP) Type2852A11 » [ 2-31 3 #-i
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FER B TN B - B B oA d gy 2 Bk e 208 6 0
FEMBC e LG 4 B RE 4 B B~ T/FFF S 100~100,000 pC
+ B #JﬁaOZOOkHZ » Bk @a]»!a_,@é 10V > &= ﬁaa]?f; 2mA > H

e ho 8 D -

244 #ix1 ¥4

K> P 47 i~ 1 £4p4% 5 4 £ < Point Grey Research Inc.#7 2
# 0 3155 GS3-U3-23S6M-C » ¢k b B 2-32 #1777 » * i (T d i Mk ¢ i 7
edn 4 - GS3-U3-23S6M-C > g8 ifcn% % v 5 8:5 > g % & 2 (CMOS sensor) i
¥7 & 5 1920x1200 pixels » CMOS sensor 1% < 5 1 v » Bl orA 5 12-bit > @
ﬁig?l i 5 USB3.0> & 1920x1200 pixels > fZ47 & cnfi-in™ & 55 § ¥ 12 4p 3% 163
ER o B R A4 E o
245 T

rhe F BT ATié * ik F(Shaker) i Data Physics = & #74 & > A5 %
GW-V4/PA30E » *F e B] 2-33 577 » & B Bh3S e B - 33k 7 & Jp ehi
B LR BaiRE LY @ SificA 4 B (Function generator)ﬁi%l 3B d
BNC M4l % » AR FHREE S > adrb RO 7 d BELHE

Gk g BV R Bend A i 4 £ 52 267N 0 1 (P S A T 3

£

14000Hz » F & F 2 RIFFR B 6 RB AU > R TR Aorger F o
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#2-1 2R 4pH Gl N R

Criterion Definition
N
Cross-correlation (CC) Coc =D 45
i=1
. . N ti .si
Normalized cross-correlation (NCC) Crnee = s
i=1 U
Zero-normalized cross-correlation o i (ti —tu)-(Si—Sm)
(ZNCC) e At-As

222 BT L Aph il S ER

Criterion Definition
A 2
Sum of squared differences (SSD) Cesp = Z(ti -5;)
i=1
Ntos )
Normalized sum of squared differences (NSSD) Crssp = ZLt:'—t'j
i-1 S
Zero-normalized sum of squared differences ~ i [ti s s, 2
(ZNSSD) NSSD 4 At AS
28
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il ..
- -
.

'x . ) . . - - M .
- - . .
v s | . N

n: : (x’y ) ‘.. ", “

:'u * ,E \ ','. M ) "‘I
‘.. ': :‘ X,V l:
. ‘_o' S E l 2M+ 1 i
Template subset y ;

|“ _L

Digital image

-
"""""
h -
............

B2l HFs B Ee L g7 L H

Bl 2-2 £ AP 0 ()4 45 Ac(b)rf 4 # e (C) e 4F B f 2 p(d) 3 B 4k
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Bl 2-3 B2 AP M 2 2 3 P iE AT

-
»-

X X
v Template subset v
Y y
P(x, y)
Pt (x* i y* )
Reference image / Deformed image g

24 BB idp B2 e (7 0 A0S 7 & W
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(a)

-

-
‘1-
W s
L

%
e W

Reference image f

(b)

% Template subset =#

P*(X*1 y*)

Coéffitient i:ield

B 2-5 23ApMMEEE 7 A0 QPRI BGHEHREVRPET 2P %

BEE(D)FIAp M RSB A SR E R

(x.7)

Q

Template subset

Q* (x*’y*)

Bl 2-6 ~% K%L #1 & F
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Q* (x*jy»:)

B

Template subset

B 2-7 ~ % W82 T &R

A

Y

(x.7)

Q

Template subset

W 2-8 <A - A

u+tu Ax+u Ay

32
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y
(x.7)
Ay
Q :
Template subset
v+y Av+v Ay
a0y e ()L, (v
wr Ax+u Ay+—u (Ax) +u (AxAy)+=u (Ay)
®2-9 ~F - IF%7)m LW
X X
v Template subset v

y y E. ......................

(xon/{)) (%0520 )

C

Reference image f Deformed image g

B 2-10 4p B T fcte EH0F 2 7 & W

33

doi:10.6342/NTU201601337



(a) (b)

_4 ‘C(x!,yl) ) .
¢ (x.-Ly) C(x +1,y!.)\ focal
;}‘\)HV ;/.«m Cc(xi —Ly+1) ,\C (x!,yi +1) 3
. \/ I C(x,+Ly +1)
Coefficient Field

B 2-11 Ap BE 5 Bctl B 405 2 647 ¢ ()L K@ KBk =% (g f2(0)E 297 %
Bk ¥ oE fE

X Reference image f X Deformed image g
\J | RN,
Yo (xy) y P
Ayt Q i .
< ) Vo Vo Ax v, Ay
Ar Template subset Vo
Y

ty + ity Ax+u, Ay

- Q* (xx’yx)

Bl 2-12 2 %544 A 8 A0 F 2 7 4 B
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Newton-Raphson method

Iterate

(1) Warp g with (x*,y*) to compute g(x*,y*)

(2) Compute VC,y, (P) where

aCZNSSD(‘LD)_ o Zw:2[f(X+AX,y+Ay)—fg(x*,y*)gl.lﬁg(x*,y*):l

oP, - Py Vi ey VAV -4 Af Ag oF,

(3) Compute the Hessian matrix H

o ﬁi iﬁ , [ag(xiy*rllég(xijﬁ)]

oP oP

m

where H, = = 2
oP, 0P, ar—ar av—nr g

m

(4) Compute AP=H"-VC,, (P)
(5) Compute P« P+AP
Until [AP| <107

B 2-13 2 % 345 A8 f A0 F 2 indn

X Reference image f X Deformed image g
v L 2
Yy (x.7) Yy )
Ayt 0
"""" Vv Ax+ :J Ay

Ay Template subset v r

utu Ax+u Ay Q* (x*,yﬂ)

B 2-14 & o ot (F b £ 5)3 #7255 8 GA0F 4 7 4 W

W
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Forward additive Newton-Raphson method

Iterate

(1) Warp g with W, (x +Ax, y + Ay, P) to compute g (W, (x+Ax,y + Ay, P))
Ag = _

(2) Compute E(f—f)—(g—g)

(3) Compute Vg at W, (x+Ax, y +Ay, P)

. . oW,
(4) Compute the Jacobian matrix 8_1:’1 at W, (x+Ax,y + Ay, P)

(5) Compute the steepest descent image Vg ZPE

T
‘ . g & oW, oW,
(6) Compute the Hessian matrix H = Z Z Vg—=L| | Vg—=!
Ax=—-M Ay=—-M aE a].)

(7) Compute i Zw‘, {Vgi:? T F—g(f—f)—(g—g_)}

Av=—M Ay=—M Af

® Compueap=t - 3 3 1960|217} (o)

(9) Compute P« P+ AP

Until |[AP| <107

Bl 2-15 & o dp4e B 274 5B fA0F 2 i fe
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Inverse compositional Gauss-Newton method
Pre-compute

(3) Compute V/" at W, (x+Ax,y +Ay,0)

(4) Compute the Jacobian matri

4 (x+Ax,y+Ay,Q)

(5) Compute the steepest descent image Vf %

i ow,
(6) Compute the Hessian matrix H = Z Z {Vf } { Vf 6P}
Ax=—M Ay=-] ~

[terate

(1) Warp g with W, (x + Ax, y + Ay, P) to compute g (W, (x+ Ax,y + Ay, P))
— A _
(2) Compute ( f=r ) / ( g-3)

(7) Compute i y { N, { _—A—f —g)}

—M Ay= w oP

~

(8) Compute AP=H"- { }
=— M A\

(9) Compute W, (P) <« W, (P)

Until [AP| <107

Bl 2-16 5 o & & £ 53 I0F 2 i f
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Principal axis ~

Image _
Observation plane
zZ

Bl 2-17 72 g8 ehdt3t = A T £ B

(a) (b)

Top view Side view

Bl 2-18 32 18 egtat = i) ¢ (a) AR BI(b) RIAR B
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Principal axis

R,T

xrz) ¥ /o,

M Xy 2y )

Image

Rl 2-19 AR 3 on & B

B 2-20 H - ApF T LB

39
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Bl 2-21 EApi o LB

Right image

B 2-22 AP HCA &t B ART T LR
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2+ (Fotonic sensor, FS)

>
®

] 2-23 k4= F

Hemispherical (H) Concentric (CTI)

Random (R)

QO Transmitting Fiber

@ Receiving Fiber

=
T

B 2-24 kg #2HFEE PN

41
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Target

Transmit
Light —
Source \ .
Photo- | e
sensor
Receive
Gap
—_—
Bl 2-25 @ =B R REPLL B
MTI Instruments Fotonic Sensor Gap Calibration y -
Instruments: MTI-2100 S/N: 090148 Slope 1: 0.01754 (um/mv)
Plug In: 2047R S/N: 2004-09 Slope 2: 0.21533  (um/mv)
Probe: 2047R Date: 10/26/10 Noise: 9.0 (mv pk-pk)
Technician: 3
11 —
10 f / — 9796
9 - \\
— / \Rz nge 2
- g \Q.me
> 7 - 271 \
£ 6= ™~
g 5 E / \\\‘Qq
3 = / :
= J3.968 N~
O 4 = [ T
3 E Ra 1991
=]
511.166
1 —
OJ}‘Illlill\IIIIII\II!\IIIIIIIiIIﬂIIff
000 0.25 050 0.75 1.00 1.25 1.50 175 2.00
Gap (mm)

MTI Instruments Inc., 325 Washington Ave Ext., Albany, NY 12205

Bl 2-26 RS AR BB FERI DT 4 A
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B] 2-27 Phantom v7.3 % i #&2° 1%

Bl 2-28 #t% PVDF = &

43
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Bl 2-29 4 #f% PVDF = 5

4

Z
I

ER R

Bl 2-30 #-PVDF AEpE*T
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Bl 2-32 GS3-U3-23S6M-C #ci=1 #4518
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] 2-33 GW-V4/PA30E jicie &
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¥ = ﬁ #}:ﬂzl;k:h&};'?' é’%ﬂﬁ""‘#ﬁ‘/&"

AR FARP 5 £ 2 F #7242 (IC-GN method) - 43 3% 4 w30
IC-GN method #£fie— F# ~ = FFAE B8, Slicnlp 2 5% > T2 572 kAR S
#ce IC-GN method - BiEF B > WMPF 2 FFRT2ZHFR R BEFAE
AR S&E P TR 2DDIC AR kMo dEd RO HTEP AR R E P TR G2D
DIC #g;% s sz st 2 B E s+ " BE AL A% % p 7® 4 0 Stereo
DIC #25:% & st o
31 Fwéta g irdagid

% o BLAEE 2 BB (jap B2 (DIC) B 42 15 iz — 0 8228 DIC
CHFEARE0E TS EEGG CEENDI RHEATGE R GTFE S
Bk o &% F #r2 452 (IC-GN method) e & 5 DIC 4g4 ¢ A jneh= ok 0%
i# & 7% o IC-GN method _€_FA-NR method :c 2 @ % > i%+% FA-NR method =
FHAIEFHA 1% F o £ A (IC) 3 5 1 dp e (FA)F & Ap 1% e 2

= P

\}\

P AEE uF B R > F) gt IC-GN method ¥ 437 % %‘?'gﬁ% e
WEFEZE -

. DIC Ag3e @ » = dici= 2 if4p M /2 (2D DIC) e if Bigi & = i (2D
matching) » @ = %8 #ic = % 4p B /= (Stereo DIC) @ i BEGE & = 48 i Hi(Stereo
matching) » 4- @ 3-1 #7577 o p %0 & 5 4p§ + &2 Jfk#;:‘;#?» e end) sl Sl - @
PHH R DR OB M OIS R G2 ),§’< FN AR R e A hE B AE
Fi2¢ o kyp ko DIC BRI & A FRIF A0 0 ARk S ficehiEak ¢ 8
EDIC g BlHF R > bl4c e 2DDIC ecrg Bl - § FRlF A £ | BF o> F R
*o— ALk S BIBERK R M HEE RRE > A F FRF R E s A
T A RN ASHPE > PR &R Y 2 FEAS K S0 BeeniBk [37][38] 5t stereo DIC

SHE R o 2 FE AR S Bien 2 B G R BT - Ak Sl [21] -
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P Ak slie b eniEE R S L - MBS ke Bo F AR A LAY
& 72 (Projective); 4 S0 #c > B2 7% Harvent[39] % % ¢ @ * 3 @225k e W 3E % A
DIC 4g & + » fe Harvent #71% * 0§’ 330 F /% & /2 £ 2 % 45 &2 (NR method) »
H3tBooad L > AP 35 2es @ F 0 IC-GN method £ £ F2 35,4 Sl
& fALE IC-GNP» s ipl s Mip® & = WIVH L7 ik 2@ R T o
£ pl# B > 22 IC-GN method % & 34 eh— FF %2, 3 8(IC-GNY) 2 2 = pe %2
S B(IC-GNY) A 28 e iRl & - i o

x5 IC-GN method & * crip b Allc > 3% 5 B & 410 4T = £ (ZNSSD) »

\\Xr

¥ 42287321 7@

2
x+Axy+AyO f g(W(x+Ax,y+Ay,P))-7
Covo- § [0 2r010)-T o issonysove)

AX=—M Ay=—M

3.1)
B PSR T R g RVERE (XY) S RDHGT s AT
=% 0 (A Ay) 5 % ¥ Ak (Local coordinate)s M 3 2§ #2+ -] P 5 %) %40
AW B RSl HEA)N AR Sl R 1R AP RFHE) R
BLLE R S b i

of (W (x+Ax, y+A4y,0))
ow

f=f(W(x+Axy+Ay,0)), g=g(W(x+Axy+Ay,P)), Vf =
BFZOREIE L - AT L HENE S BIELEET

N
AP=H. {Vf —} { fof)Af g—g} (3.2)
AXZM Asz ( ) Ag( )
HY HiB HEd
T oW
Z Z {Vf —} {Vf —} (3.3)
Ax=—M Ay=—M aE
A1 Foe &3 N g A) S kW
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W (P)<«W (P)-W (aP)™ (3.4)

(3.1)71(3.4) % IC-GN method #— it e\ F e > 2 * 7 e ) Sl § 7

e W o T OkJEE 7 A5k Sficz. IC-GN method -
3.1.1 - FAgk Sdkc
B 3-2 5 IC-GN' shodp i 57 &, Bl » P64 o = & ch- PRSI, PI%)

BV L E R

\\\?{r

HAUG x> ok MEBE VEY 2o R BESE U, ZUubx>e- FRHE
BoU FUbY P e-FRER V,AVAEXS - FRER V AVEY DS

ST T = SRRV

AX
I+u, u, u
W, (X+AX, y+Ay,P) = Ay (3.5)
Ve 1+v, v 1
BT REFEw LS R RW TE
I+u, uy, U[[Ax
Wi (X+AX, y+Ay,P)=| v, 1+v, V| Ay (3.6)

0 0o 1|1
PEEW, e d T AR L

A
8W1_|:1 AX Ay 0 O O} 37)

P |00 01 Ax Ay
(BTN A XNBI)N R E AEri H o £ & x 583 (3.2)F 7 fod 8235 & e ]

FEAP AWl
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3.1.2 = FRAsKk Sk

Bl 3-3 % IC-GN2 chdp 7 3, ] -

I8 A

HP UG X ok

ﬁ:’uy u

- e ER Uy S U

a

By - FER Vo Vi

BX e fE %‘l%&’uxyﬁ"u

ulll+Au Au AauT?

ly YX ’y
x l+vy v Av,  1+Av, Av (3.8)
0 0 1 0 0 1
PPEY g ek 0D FERA 0 RIRA) ST
T
Uy Uy Uy V Ve Vo Vi Vy vyy}

b S

CVEY T e RBESE o U U X
y =

X - iV SV R

X—‘rﬁ"”%y ’r?’._f ,ﬁ%

FoUpy pUBRY > e WREER Vs VEXS e I fFRH R v,y 5V EXxT
wEY e iR EEV B VERY e T BFW, 7 LB
(ax)? ]
1 1 AX-Ay
Ug Uy Uy 14+u, uy, U 2
W, (X+AX, y+Ay,P)= 2 i (4y) (3.9)
AX
—V v —V v, 1+v, Vv
o Yy Sy VX y Ay
1
RO REFF e b LR FIFA S BW, T H
1+S, S, S, S¢ Ss Se ][ (a%)? ]
S; 1+S; S Sio Si1 S || Ax-Ay
Si3 Sy 1455 Sig S17 Sig (A 2
_ y)
W, (x+Ax,y+4y,R)= (1/2)u, u, (L/2)uy, 1+u, u, Ul Ax
(L2 vy @2)v,, vy lev, V[ Ay
0 0 0 o o0 1] 1
(3.10)
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Nud
hn)

S1= 2+ U+ UL, S, =2uul,, +2(1+u, )u

Yy S, =2u(1+uyx)

y

Y S — 2
S, =(1/2 [vu +2(1+u V, +uv ] _
7 ( ) XX ,X) X ] Sg=U Vi +UV + VU +UV V) +U

Sq =(1/ 2)[vu,yy + 2(1+v’y)u,y +uv’yy} S1o =V+VU, +UV,

Sjy=U+Vu, +uv, Spp = UV
S = V,x2 W Spg =2W,, +2V, (1+ V.y)
Sis=2v, +V 2 +w S16 = 2V
)
Sy =2v(1+v,) S1g =V
(3.11)
s pEW, endy vk aprE L
1 2 1 2
1 Ax Ay =(Ax)" Ax-Ay Z(Ay)” 0 0 0 0 0 O
oW, _ 2 2
2= (3.12)

0000001 Ax Ay %(Ax)z AX-AY E(Ay)2
#(312)58 15 x (BB)F KB A H o B~ (32)58 T w K A, 5 e |

FEAP A Wl

1+S, S, S, S, S S5 |
Sz 1+53 S Si0 Su S
W, (P) < S13 Sis 14555 Si6 S17 Sig
~el~ (1/2)uy, uy (/2)uy, 1+u, u, U
(L2)vy vy @2V, vy 14v, v
0 0 0 0 0 1
~ - _, 313)
1+AS,  AS,  AS, AS, ASy AS,
AS, 1+AS;  AS, AS;, AS, AS,
AS;;  AS, 1+ASg AS;s AS;; ASg
1(1/2)Auy, Au,, (1/2)Au, 1+Au, Au, Au
(1/2)Av,, Av,, (1/2)Av,,  Av, 1+Av, Av
0 0 0 0 0 1
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3.1.3 B A5K Sk

PR S AR AL aE Y o LR RN R R
DA - B AR T Y KBRS B G b D - ) 34 5
IC-GNP ey 1 57 1] > 0 PF 4 o ~ R R B en® ) > RIRA Sdew 1 =

.
E) = [ I:?I.l I:?I.Z I:?1.3 I:)21 P22 P23 P3l P32 ] (3 14)

:f%.ffvyp VUG S
(1+ Py ) Ax+ PoAy + Ry
P, AX + Py, Ay +1
Vyp(x+Ax,y+Ay,E): 3t 32 (3.15)
leAX+(1+ P22)Ay+ Pos

Py AX+ ByAy +1

POREFR e LA BW E S

1+h; Ry Rgf A
Py Ps, 1 1

B EW, ey 7 b AL

W, |[Ax Ay 1 0 0 0 —-AX® —AXA
—F = Y y (3.17)

P |0 0 0 Ax Ay 1 -AxAy -—Ay?
(BTN R A BN fedm Bt H A r 83 B2)TF £ A5 Kk
MOl RUEBAP AW, AR G

1+R, P Ps ||1+AR; AR, AR -

Bl 3-5 5 IC-GN!~IC-GN? 22 IC-GNP 2+ & g [ c7 i g1 IC-GN 7 IC-GNP e

PEEF ST - @ IC-GN? et B P 5 IC-GN! 2 IC-GNP e 1.1 12
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32 Z—APHEFRVR

321 - BBEHEES 2

L0 7 R R 9 IC-GN method 45 e & 25k Slic b= MIEHE =
FRGIEREL Ah 7 T2 ¥ choa B ok i€ (7 R138[14][40] - B % DIC
AEEBA SR YRR R ARIBRRGIEE AL R R TN S P B s £

R RN (X y) 2R 8 DR AN, (xy) R T ASRT S A2 E )
Zexp[ ( (x=x%) (y—yk)z)/Rz} (3.19)
:zzgexp[—((x-xk—u) +(y-y-v))/R? ] (3:20)
k=1
Hoeshimmeenlicl o (X, Y ) 5B e a8 o R AL jT <o)
(uv) 5 srgbeni=4 £ > Hd (32057 1 p 73 B (u,v) hiE kB 3] e i

BB 365 AETNE 2 BRI o Bkt 4 5 256x256 0 pa gk
% 1.5 pixel > gpaBhendic® 5 24000 B 3-7 L AR > AP EEEcE L
33x33 B EL> & 1089 B B I F P L ¥k T4 20 pixel - AH e @ T

S @ S AR L oV R B SHCBY AER 0 2 e SR

1 N
e:WZ|uch ~Ugaar] (3.21)
i-1
- = iquolc —Ug t|_e)2 (3.22)
N+14 e

A9 N 5 RRIEAEE > Upe b DICHERIE > Uppe 2 57 B ¢

3.2.2 T 3 45 Bl
@381X”?lﬁ;%ﬂi§=m—r&5§] ?wﬁL\lﬁ‘lﬁ%/r'gx—%‘?’j?l

FBensa BBl e B¢ X2 ow i

u=0, 0.1, 0.2,...,1 (3.23)
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He yehH =% pixel » ¥ * IC-GN' ~ IC-GN? &2 IC-GNP A 518 S end rg 4 &
TH R B o BB RS F B LR BN TIEL N EL 2 REL o
B 3-9 ¥ B 3-10 % IC-GN*~ IC-GN? 2 IC-GNP tx & w T #% %3, 3-F |2 T 15
WAL Y o IR 39 2 F 310 ¢ T uERd s Bk
5 > IC-GN! &2 IC-GNP & B 4p 3T » ® iE*% IC-GN? » R F1E_F] 5 IC-GN! ehi= 4
BT T %t A T H R 8 e g o ¥ LR (3.16)5 » ¥ 1 IR IC-GNP
i A5 B & 123 IC-GNY chi# B 4(3.6)5% #75% » F]pt IC-GN! &7 IC-GNP
B kgL B4piT 0 @ IC-GN? B &= FFeni i B3R > 3R B s K e
BHpRE AR IREL TR 394 T4 0 AT 5 IC-GN
method & BT #% chsa 2L 82 o PF > X o E B RAEE chk + A4 < 5 0.005 pixel -
¥ % 1/200 pixel ez o

3.2.3 & 5% > FR)iE

Bl 311 5 x> o 22V LR fI* B A2 B FX > e A2 0

2R H s gh Bl itk B P X3 o i

u(x)=hTsi n(ﬁ”‘j (3.24)

a4

T =128,b=0.001, 0.002,...,0.01 (3.25)

H¢ yucnH =5 pixel » 3% * IC-GN! -~ IC-GN? 27 IC-GNP 4 451 § 07 "6 2

o

N RS2 B O RS TREEE Y B T R L R
B] 3-12 IC-GN! ~ IC-GN? ¢ IC-GNP o x = b I 52 2558 pl2. T30 1 2130 1
2B L KB 311312 FougEsd s F - HHEE 5 S Hpr > IC-GN?
ek B E_IEY IC-GNP » 2 IC-GNP e B x g3t IC-GNY > § b B A% % chpF iz %
WG ARP BE > H R FIEF 5 IC-GN? chif Bk 730 T e d & 1 52 %2, F-chs
P o St B R E > A IC-GN' & IC-GNP2- 5 i 5 B FEcn® 538 > o 24
¢ A4 ek gL o ot i Gao[21] % 4 & * IC-GN' 22 IC-GN? & 47 I 52 % 7,32
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ELE o 4B 3-14 417 0 BRI 31l nE R EARE - RO BP ASPREEE N
FoFE o 6B 3-11 ¢ BT 0 AT enRT > @ % [C-GN? A 45 1 52 S i A
FbiE 1] 0.01 fF > IC-GN? th=x ffd B I & chdc * 34 < £ 5 0.005 pixel » 4
% 1/200 pixel 5% » Flpt A F 421 > 2@ * 2DDIC & (7§28 FE %2, 3-8 i)
P & % IC-GN? et Bl R AP RO H &8 %) S i i o
3.2.4 B FplE

TREPIFHETA DT 2 B ARE DIERT 5 K 315 X3 %
PRRVHEZ T LR I BN A PRSP Rl X B Y Do

o |

u(x,y)= X _x
px+1 (3.26)
y
Vi{ X, = —
( y) px+1 y
p=6x10", 7x107,...,15x10™° (3.27)

Y ygvend =4 pixel 0 &% @ * IC-GN! ~ IC-GN? 22 IC-GNP 4 478 i ch 7
ad SR PRS2 mBh o B EREEFEE R By L0 Y s EL 2 R
B4 o B 3-17 22§ 3-18 5 IC-GN' ~ IC-GN? ¢2 IC-GNP o x = % L B %5358 7
2 Tymg g gy o LB L R 3-17 ¥ 1 R0 IC-GNP &2 IC-GN? éh- 3a3g
LR EAp% BT 2RO IC-GNY sy R FIEF 5 X 2 e B #2315 IC-
GN2 % Pt =45 B2k > 4@ 3-15 #7577 » @ IC-GNP j mj» GBI -k LA LI o
B3k o #& IC-GNP 22 IC-GN* en& i3 4 ¢ £ 5] Bl 3-18 7 &g 1 = fd7),5 S e
Bl B oA ko ezg g 2 B L F - ko (N4 IC-GND B P A A chEpEi L B
2 IC-GNP 122 IC-GN! E - -] e fe 8% ficf i ghen @ B3R + < F T
¥ X ) 7] e be 0 30t g Gao[21] % 4 @ * IC-GNY 7 IC-GN? 4 47 3 82 % 25 3

2. A B i o] 3-19 it > BB 31T R R EAPE - ROEN AFPREE S
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et

BaA

{# o B] 3-20 27 ] 3-21 5 IC-GN! -~ IC-GN? 27 IC-GNP &y = = 3 B %255

Bipl2 T o E dran 2 B £ 0 JEIR 3-20 & 1 321 ¥ BT ) = AR I
feehy S oo BB R R R A

BIFEAL R ARG BT RFIEFE Y S e BB
T s P ITIY - PRS- 4oB) 3-16 ¥ 0 F @ i =& IC-GNP 22 IC-GN! ¢
B PR A w27 ] 3t |C-GN? - % 8] 3-17 ~ B 3-18 ~ B 3-20 ¥ [{] 3-21 eh % &
& 3T IR D

T IC-GNP A B B 58 % pd
IC-GNP ek 1§ %

] 15x107° p& »
HAEF kx4 < 5 0.003 pixel - % 5 3/1000 pixel 735
d PRV REFT L A WAREY 248

L g AL TR Flpt i

FrREF BRI 8% IC-GNP a2t B R Ap T H 3 2558 s & o

MIEH PR E R 0 4 2DDIC h B > FFR S AR
LMFE (B FE S - PR % IC-GN' 22 IC-GNP = ik 2 it
F R ORAFRG B (S P
e

X s dodk 3-1 577 o

FEPlaEL i
v H)pE s Bl * IC-GN? =% ik B ijdeE B

% StereoDIC chE B+ » £ BB RIF A $25ch
T B LA A PR T o d L L o Mg
# % IC-GN” =t ff% B han & £ ) of

R A K 0 dek 3-2 Fror o
3.3

-~

[
e

|

B R

ZHREFFRR
331 * dkiEHE S 2

B YR TR R ER AR E > RRIFERIS A M) AT 0 50
v A2 E 45 31 IC-GN method 45 e = i 454k &S > RIE = E Bk
R EAL > AT T T = h Mnr BRIk R 7R

HIRAE 0 T

> %% Hu[41] % <
BB SR T [ AT R N Y Sonek b )5 P T
2, 2 ’ ’ *
S H G E M S Mg B LR nr s b R T S R i R M
* v
Bmg o & eE
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X, Xg X Xg
Mme={Y.|» Mr=| Yr va: yt ,fDE= y; (3:28)
1 1 1 1

Bzt B sl K B Ky 4 B 5

fo 0 CxL fo 0 CxR
0 0 1 0 0 1

1‘711

LR L LR R it L B ek R R R 2 Ry A R

I £ 'FF'KE-TL TR ,‘—,

1 00 0
R =[0 1 0], T, =|0 (3.30)
0 01 0
Ri Ru Ry T
R R Ry T3
B0 Rg 2 Tg 5 280 L B R P W B SRR 5 B - e g

B LR PRIEW =[X,Y,Z] T R L R 8 S
- A ;N v
sm_ =K (RW+T,) (3.32)

#-(3.32) 5 £2(3.33) % 5 BB 19 B S BE 5 A5 ph S B 2 L B e B 4o T 4

L= (3.34)
f, X

y, = y; +Cy (3.35)
57

doi:10.6342/NTU201601337



h

Yr =

Ry X +RgY + R332 +T5

(3.36)

R= Cyr

Rgi X +Rg,Y +Ry3Z + T4

CyR (3.37)

* * * * T
FEW s b PR S W = XY 2] pise ) g st T] L %
A LT
« f, X"
=2 4, (3.38)
Z
. f X7
yL=——+Cy (3.39)
Z
fo(R. X +R.Y +R.Z +T
XR: XR( 11* 12* 13* l)+CXR (3.40)
Ry X +RgyY +RgsZ +T5
folR X +R,Y +R.Z +T
Ve = YR( 21* 22* 23* 2)+CyR (3.41)
Ry X +R3Y +RysZ +T;
ER R ERAE LB REESE &~ (31902 B20) T Gird
ot e MR e AE TR Y L LRGSR S EF BT REXR

9.5468x10° 0 1.0709x10°
K, = 0 9.5790x10°  532.0580
0 0 1
- (3.42)
9.6995x10° 0 676.5914
Kg= 0 9.7356x10° 594.8275
0 0 1
PR LT R e Ry R T B £ T A4 5
0.9547 -0.0145 0.2972 ~264.1986
Ry =| 0.0177 0.9998 -0.0080 |,T5 =| —9.0965 (3.43)
-0.2971 0.0129  0.9548 40.0429
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Bl 3-22 2B 3-23 5 A&7 %4 Sz Mgl LB ket 4 5 1920%
1200 » prghen~ o] 5 1.5 pixel > A srghedicd 5 5000 - B 3-24 5 & & A 45 Bheh
=% A rRe#EcE 5 33x33 BB £ 1089 BEL BifdEE P 0 L F Rk T
20 pixel -
3.3.2 T >4 FpE

Bl 325 2223w THBUEHT LB JI* BN ATEFY A4 srghp b7
w2 Rl B 2 M BB TR g Y i F 2 S e T
sz alindy s 2> U KR PRRIAE 1 B5 8 11 LR B A A 54

w=0, 0.1, 0.2,...,1 (3.44)

HY wenH =5 mmo 2% * IC-GN! -~ IC-GN?2 7 IC-GNP 4 4718 4 ch g 54 &
THRH L WO R ERIBEEEF B T A AL LR
A o B 3-26 22§ 3-27 5 IC-GN' ~ IC-GN? 22 IC-GNP .z & » T # %2, 53-8 |2
Tiow A i A 2 R A KR 3-26 22 §] 3-27 ¢ ¥ L% 1) IC-GN' 22 IC-GNP
SRR AR F B IC-GN? R FIEF R 2% v T B SRR AR T
23> IC-GN* 22 IC-GNP ehi=# i3k > % BRIHF A RSB > @ IC-GN? p| £ FF ez
BBER P E R MRS EAp RS IC-GNYy R ¢ A 4 A g 0 §
JE IR 3-26 4 BEom 0 i * (3.42);V 2(3.43) el > AT hiERT 5 IC-GNP &2
IC-GN! e < 274+ 5 5 0.001mm » Fptie {7 = A b T8 EpIpr > 2k
IC-GNP &2 IC-GN? > %4 8 4 & -
3.3.3 - K¢ =8 F R

B 328 Gz w— AR LB JI* AR AF P A4 saghp b7

R 2L PR 2 W BR > S EREE Y msinF 2 e A

- B MBI 0 m oz e A

w(x)=xtan(8) (3.45)

Nud
X
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=1 2, 3,..,10 (3.46)

Qend =5 B > wenH =5 mm o ¥ % IC-GN'~ IC-GN? 22 IC-GNP & 73 i
T L - PR H 2 B o MR RIS E B LR B R T A U
WA 2 ML o B 3-29 228 3-30 5 IC-GN' -~ IC-GN?#2 IC-GNP tz = o — Fi &
AR Rl T A B L 2 R A o jE ) 3-29 22§ 3-30 ¢ ¥ 12 B0 IC-GN?
2 IC-GNP 538 % 4pig » ¥ Y IC-GN?» o FIE 15 72 & — FEenif %251
2% 1IC-GNY 22 IC-GNP e # 153k » s B RIH B 8B > @ IC-GN? p| §_= pehii
o AR AREL S KF 3294 F g s i (3.42)58 & (3.43)5¢
chg i T8 R T 0 =10 52 IC-GNP 27 IC-GN! shg + 324 + ¥ % 0.0012

mm> eF x> BEFZ e b PR R R & IC-GNP 22 IC-GN!

3.3.4 it 3= 4 R
AEP A R e auRlE o B 331 5 F- Bz el gy

sRURSIER RN L SR L NS IE- SIS 3 N FIESIE RS P

B2 TR LY B F S A RS E R % 2 e E
A0 w2 e
. (27X
w(x)=bsin - (3.47)
H o
T=20,b=0, 01 0.2,...1 (3.48)

WenHE = 5 mm s 2% @ % IC-GN~ IC-GN? 22 IC-GNP 4 4738 i ch T #4410 32
BT MR o HERBFELR B HTOFLNAFLLRRL

B] 3-32 27 [§] 3-33 % IC-GN! - IC-GN? 22 IC-GNP % - % a7 & % It 52 %2, 3-8 7|
2 T A E A2 RRL > RI3RERIIBARERTETH R - [FET
FRRInESARF > F BT B Y 51 G o ApF 5 IC-GN? i B B> IC-
GNP > @ IC-GNP e & = gt IC-GN! » o F1E_F] 5 IC-GN? ehi#% Bk i1 i >t
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A e R Rl L o) o @ IC-GNP 22 IC-GN! ehi=#% Bk 2 ¥ B 7| 3
PEen®g A3 s B plemE A s o R 3-32 4 F 21 i ¥ (3.42)58 21 (3.43)5Y 1
S TR ERT 0 F b=1pF » IC-GN? chge < 324 4 9 % 0.0025mm » s & ®
# DIC e s Rl § FRl cn AR G Rl A g i pF o i IC-GN? 2
RIYTA 2 AREZ O] o
Bl 334 2% -7 0% 3mT LB #% - Bl 3 esgaitd
Te:xi 80mm:» Pz 3w = Bv LH R
w(x)=bsin [@j (3.49)
T=80,b=0, 0.1, 0.2,...,.1 (3.50)
WenH 5 mm o %% * IC-GN' - IC-GN? 22 IC-GNP A {7 F eh T "5 4 & 1 32
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Computing time (Normalization)
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U displacement field
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V displacement field
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-------------------------------
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Mean bias error e, (pixel)
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Displacement u (pixel)
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7. 4-1Stereo DIC £ B ~ 354 4727 FEM 5 & Bt &= dRAp F 2228 5 1L i

Mode Theory (Hz) FEM (Hz) Stereo DIC (Hz)

1 104.36 104.60 102.93
Theory -- -- -1.3703

Error (%)
FEM -- -- -1.5966
2 347.51 346.92 347.59
Theory -- -- 0.0230

Error (%)
FEM -- -- 0.1931
3 647.63 648.63 641.59
Theory -- -- -0.9326

Error (%)
FEM -- -- -1.0854
4 1176.3 1174.3 1173.2
Theory -- -- -0.2635

Error (%)
FEM -- -- -0.0937
5 1611.4 1609.5 1602.7
Theory -- -- -0.5399

Error (%)
FEM -- -- -0.4225
6 1867.8 1869.3 1860.6
Theory -- -- -0.3855

Error (%)
FEM - - -0.4654
7 2408.8 2405.0 2400.0
Theory -- -- -0.3653

Error (%)
FEM -- -- -0.2079
8 2565.1 2556.9 2552.6
Theory -- -- -0.4873

Error (%)
FEM -- -- -0.1682
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1+§, S S3 S4 S5 S __(Axi)z_
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7 ( ) XX ( |X) X ] Sg=UVy +UV +VU +UV, +V +U

Sq =(1/ 2)[vuyyy +2(1+v’y)u7y +uv‘yy} Siop =V+VU, +UV,
Spp=U+vu, +uv, Sjp =uv

S5 = V,x2 W S1q =2W, +2V,, (l+ v’y)

Si5 =2V, +V,y2 +Wy S = 2W
)
Sy = 2v(1+v’y) Sig =V
285

doi:10.6342/NTU201601337



L

f=f (W, (x+Ax,y+Ay;,0)), g =g (W, (x+Ax,y+Ay;,P)), Vf

(6.2)5% # ¥ f 54 %7 S dchie ] PR 1 £ AR, > 3 F $#(6.2)5 - 1Y

(6.5)

of (Wa (x+Ax;, y+Ay;,0))
W,

%,]"x B s BB

B R AL EENTE S B EE
N ow, T’ - Af
AP, =H1. 3| vf =2 f—f)-—(g-7 6.6
R, ;{ o, ( )A“gg) (6.6)
o w4t oW, /0P, 5
1 2 1 2
1 A Ay =(A%)" Ax-Ay; =(Ay;))” 0 0 0 0 0 0
W, _ 2 2 6.7)
% looo0o0o0o01 A% Ay, (A% )2 AX - Ay, =(Ay;)
A H %% et
NEaw, | [ aw
H=Y|Vvf—=2| |vf-—=2 (6.8)
i oP, ok,
Bl Fop &2 Nl (R RTans pE ) S50k W,
1+S, S, S, S, Ss Sy ]
S;  1+§g Sg Sio Si Sy
W, ( Ez) « Si3 Sy 1+ 555 Sis S17 Sig
~ (1/2)u U yy (1/ 2)u‘yy 1+u, u u
(1/2)V Vi (1/2)v’yy Ve l4v, v
0 0 0 0 0 1
- - (69
1+AS, AS,  AS, AS, AS; ASg
* (1/2)Au,, Au,, (1/2)Au,, 1+Au, Au, Au
(1/2)Av,, Av,, (1/2)Av,, AV, 1+Av, Av
0 0 0 0 0 1
286

doi:10.6342/NTU201601337



TAF R FIW,cac s A7 R iR R R 251070 0 @ B f it Sl
i 5 e
6.2 BRAT B R B
6.21 REB R 2

< BEAZ 4t & ff(Cardiac ultrasound imaging, CUI)~ fidz 5 it 5 45 32 &
(Echocardiography) » CUl {1 # Az 5 A 52 b R R DA F A2 F Sl chh 2ia
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oo Hig— H IR DIC B AL NSy R G FEFEF R E 5 4 DIC
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A B
MTI-2100 Fotonic™ Sensor

Unmatched Resolution and Frequency
Response in Non-Contact, Fiber-Optic
Measurement

The MTI-2100 features advanced fiber-optic and
electronic technologies for precise measurements
of displacement, position and vibration. It sets
new performance standards with resolution as
low as 0.01 pin. (2.5 angstroms) and frequency
response from direct-coupled (dc) to 500 kHz.

The MTI-2100's modular design has the flexibility
to be tailored to specific requirements through the
use of a wide range of interchangeable and custom
fiber-optic probes. These probes are immune to
electromagnetic interference (EMI) and operate

on almost any type of surface: metallic, composite,
plastic, glass, ceramic or liquid.

Dual-channel capability enables the user to make

simultaneous measurements, essential for studies
of structure dynamics and modal analysis. For
increased versatility, all probe modules offer the
advantage of two distinct operating ranges: one
for high resolution and the other for greater
measurement range.

Application Solutions for R&D, Quality and Process Control

e Vibration

* Modal Analysis

¢ Micro-Positioning
¢ Run-out

* Displacement

331

e Structural Dynamics
¢ Defect Detection
* Resonance Analysis

¢ Reciprocating Motion

 Surface Finish Analysis
e Edge Detection
e Liquid Surface Motion

e Profiling

* Speed Sensing
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General Specifications

Power Requirements

100 to 240 Vac, 50/60 Hz.

Maximum Power Dissipation: 35 W.

Fuse: 1.25 A, time delay, 250 V, 5 x 20 mm.

Weight
10 1b. (4.5 kg).

Dimensions

56in. (14.2 cm) H.
14.1in. (35.8 cm) W.
10.5 in. (26.7 cm) D.

Environmental Requirements
Instrument Operating Temperature:

50°F to 110°F (10°C to 43°C) non-condensing.
Instrument Storage Range:

0°F to 150°F (-18°C to 65°C) non-condensing.

Display

Meter: graphic LCD, white on blue background, 100 Hz response,
updates 3 times per second.

Bar Graph: 20-element green LED (0.5 VoIt step size), 10 Hz response.

Displacement Measurements

Output Signal: 0 to 10 Vdc, 51 £2 output impedance.

Stability at 12 hrs., + 2°F (+ 1°C): drift less than 1.0% of full scale.
Stability at 60°F to 95°F (16°C to 35°C): drift less than 2.0% of full scale.

Vibration Measurements
Output Signal: 0 to 10 Vdc full-scale range, 51 £ output impedance.
Accuracy: within 1.0% for peak-to-peak readings from 15 Hz to
150 kHz (probe-dependent).
System Noise: dependent upon probe type and surface reflectivity.

High/Low Pass Filters

High Pass Filter: DC, 20 Hz, 200 Hz froni-panel selectable 4-pole
Butterworth response (-3 dB at value selected).

Low Pass Filter: 100 Hz, 1 kHz, 10 kHz, 20 kHz, 50 kHz, 100 kHz and
wide band, 1-pole response (-3 dB at 1.2 X value selected).

RS-232 Data Output

Displacement Data Accuracy: within 1% for signals from dc to 100 Hz.

Vibration Data Accuracy: within 1% for peak-to-peak displacements from
15 Hz to the maximum frequency response of probe module in use.

332

Standard Probe Specifications
Temperature Range: -67°F to 150°F (-55°C fo 65°C).

Operating Pressure Range: vacuum of 29 in. Hg to 500 psig.
(MTII does not guarantee leak-proof operation)

Tip Length: 3 in. (76.2 mm)

Cable Length: 54 in_ (1,372 mm) standard.

[RELLIN 300, N

,_\
™~
Riakiies [ SR EE
Options

* Bent Probe Tips: consult factory for minimum bend radius.
* High-Pressure/High-Vacuum Probes.

+ Standard High Temperature Range Probes: from -67°F
to B00°F (-55°C to 482°C).
Accessories

Optical Probe Extenders: Precision lens systems that permit operation
of standard fiber-optic probes at a greater standoff distance with
no loss of probe sensitivity or frequency response.

FS-3 Probe Mounting Fixture: Used to position the probe over the target
being measured. Consists of a magnetic base, two extension arms,
probe mounting clamp for diameters up to 0.125 in. (3.2 mm) and
micrometer for fine position adjustment.

Contact MTI Instruments for other custom probe temperature ranges.
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- Phantom v7.3

800 x 600 at 6.688 frames-per-second.
and up to 500.000 fps with the new

PHANTO m Turbo Mode.

THE UNDISPUTED KING OF SPEED

WRI expands the capabilities of its Phantom v7
Series cameras with the Phantom v7.3. Its full
frame 4:3 aspect ratio 14-bit image depth
(standard) 800 x 600 active pixel CMOS sensor
the camera sports an exception recording rate of
6.688 frames per second at full resolution, and
over 190,000 fps (standard mode) or an astounding
500,000 fps (Turbo Mode) at a reduced resolution
adjustable m 32 x 8 pixel mcrements.

With all the features Phantom camera users have
become accustomed to the v7.3 has added a larger
memory module option for longer recording fimes,
and a contmuous video output HDVSDI interface.

. Full frame 4:3 aspect ratio CMOS sensor composed of 800 x 600 pixvels

14-bit image depth (standard)

6,688 frames per second full resolution, up fo 190,000 fps (standard mode), 500,000 fps (Turbo Mode)
“CAR™ (Continnously Adjustable Resolution) in 32 x 8 pixel increments

4800 ISO/ASA monochrome, 1200 ISO/ASA color sensifivity equivalency
Global en-chip shuitering fo 1 s (fived af 1 us in Turbo Mode)

¥ “EDR” Extreme Dynamic Range ™ and Anto Exposure control

¥ PIV - Particle Image Velocimetry (standard)

¥ Upto 16 Gigabyvtes DRAM, 24 Gigabyies non-volatile flash memory (optional)
¥ IRIG-B timing capture, modulated or unmodulated, IRIG lock wiphase shift
¥ Continnous video outpnt (NISC, PAL, HD/SDI 720p, 1080p, 10801, 1080psf)
¥ Oprional continnons data sireaming up fo 2000 fps (8-bifs)

¥ Antomarted multiple session recording for remote unmanned operation

¥ Gigabir Ethernet or RS§232 conirol

333
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‘ v7.3

PHANTOM Specifications

FEATURES

Auto Expozure

“EDR" Extreme Dynamic Range™
Confinuous dafa streaming {opfional)
Confinuous recording

FiV {Parficle image Velocimefry)
Fre-trigger recording

Cin chip global shuffering

Sfrobe sync

Segmented image memary

Confinuous color HD-5D1 video outpuf
IRIG-B timing capfure with phaze shift
10/1 00V Gigabit Ethemet

Sensor: 800 x 600 pixel CMOS sensor.
Image Bit Depth: 14-bit (standard)
Sensitivity: 4200 150/A5A mono-chrome,
1200 ISOWASA color

Frames per Second (FPS): Full zensor; to
6,088 fps

Allocated formats: to 190,478 fps
(standard mode), 500,000 fps (Turbo Mode)
with *CAR" (Continuous Adjustable
Resolution) feature

Exposure Time: WVariable, independent of
sample rate {fps). to 2 microseconds,
opticnal 1 ps (standard made), fixed 1ps
(Turbo Mode)

Trigger: Confinuously variable prefpost
Imager Control: 10/100/Gigabit Ethernet,
RS5232 senal interface, or HO-5DI
Preview and Focusing: Via computer
monitor or continuous video out

Lens Mounts: Mikon mount standard. Many
other lens mounts available, including
C-mount

INPUTS/OUTPUTS: via integrated

quick-releass connector:

Trigger: Risingfalling TTL pulse wiilter, or
switch closure

Sync Image: TTL pulse

Event Marker: TTL pulse or switch closure
Ready Signal: TTL pulse

IRIG-B Timing: [RIG-B code, modulated or
unmodulated input, with IRIG-B output. lock,
and variable phase shift

Continuous Data Streaming:

Up to 2000 fps (8-bits), 1300 fps (12-bit)
Strobe Syne: TTL Pulse

R5232

Network: 10/100/Gigakit Ethernet

Video out: NTSC, PAL, and HD-
SD1(720p. 1080p, 1020i. 1080psf at
24, 25, 59.9, or G0 fps)

Power: 24VDC1.5 Amp

MEMORY

Standard: 2 Gigabytes integral
image memory records 4,286
images for 0.6 seconds of
continugus recording at 6,888 fps,
full format (8-bits) or 2,133 images
for 0.3 seconds of continuous
recording at 6,888 fps, full format
(14-bits). Longer recording times for
lower sample rates and allocated
formats.

Optional: 4 Gigabyte integral image
memery continuously records 8,533
images for 1.3 sec (8-bits) or 4287
images for 0.6 sec (14-bits) at 6,528
fps full frame, 8 Gigabyte option will
record 17.066 images for 2.6 sec (8-
bits) or 8,533 images fior 1.3 sec
(14-bits) at 6,888 fps full frame, and
the 16 Gigabyte option will record
34,133 images for 5.1 sec (8-bits) or
17.068 images for 2.8 sec (14-bits)
at 3,688 fps full frame.

Optional: Mon-Volatile Flash
Memeory, up o 24Gigabytes.

ENVIRONMENTAL

Ambient Temperature
32°F and 104°F (0°C and 40°C)

Maximum humidity: 80%, non-
condensing, at 5°C

SOFTWARE

Phantom™ operates in Windows XP
Pro or Vista envirenments with
familiar commands found in familiar
places. Standard functions include
Acquisition: Image capture, IRIG-B
timing capture & standard time
annotation. Field of view & focus.
Sample rate & aspect ratic
selection. Shutter speed. Histogram.
Brightness, contrast. & gamma
adjust. Trigger modes. Continuous
record. Save & recall setups.
Analytical playback: Immediate
playback of cine. Variable playback
speed in forward or reverse,
including freeze frame & endless
loop. Random Go-to-Image. View
single images at random from any
cine. Tile'cascade multiple images
on one sereen. Timing data
displayed with each image. Cine
editor. Multi Cine Viewer.
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Measurements: Linear or angular
measurements. English and metric
units. Generate Velocity, RPM, or 100
data points per measurement reparts.
Report files & images are compatible
with Phantom, TEMA Starter Software
or any spread- sheet software, and
image analysis softwars such as
TraclcE;e . Image Express , or

Falcon .

Image processing: Smooth, sharpen,
psuedocolor, negative image, and edge
detection. Brightness, contrast &
gamma adjust. 3x3 and 5x5 filter matrix
for custom image processing.

File management: Organize, save,
compress and export cines, or single
images. File formats are compatible with
most word processing, deskiop,
publishing, and presentation softwars.

DIMENSIONS

Size: 4.3 x 4.0 x 8.5 inch (HWD)

{108 x 10.16 = 24.13 cm) (HWD)
Weight: 7 lbs (3.18kg)

Power: 24VDCI1.5 Amp

Mounting: 14-20 inch and four 10-32
threaded hole patterm in base and top
Mounting Axis: Any position

Country of Origin: The United States of
America

STANDARD ACCESSORIES

Phantom™ software, Single user licensa"
2 Gigabyte integral image memaory
Ethernet, Sync output pulse, trigger,
pretrigger, video out, and IRIG-B
T1N220VAC -24VDC Intermnational
Power Adapter, 12 fioot (3.7 m) power
cord

One year service contract included

QUESTIONS?

Faor technical assistance, systems
integration, custom cptions, or
information on imaging technigues or
training please call us tool free:
1.800.RESOLUTION

(US & Canada 1.800.737.6588)

Far the most up-to-date information,
specifications and options, please visit
our website:

www.visionresearch.com

ViSiO N
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Phantom v7.3 Maximum Recording Speed vs. Image Size

The Phantom v7.3 camera system can record up to 6,688 frames per second using the full 800 x 600 pixel
CMOS imaging sensor array. The operator may also specify other aspect ratios to increase speeds or extend

recording fimes.

The chart below details the Phantom v7.3 aspect ratio choices available in the setup screen pull down menu.
Using the CAR (Continuous Adjustable Resolution) feature, speeds between these values are continnously

adjustable in 32 x 8 pixel increments.

STANDARD MODE TURBO MODE
RESOLUTION RATE RESOLUTION RATE

800 x 600 6,688 800 x 600 6,814
640 x 480 10,101 640 x 480 10,389
320 x 240 33,057 320 x 240 36,897
512 x512 11,527 512x512 11,869
512 x 384 15,151 512x 384 15,810
512 x 256 21,978 512 x 256 23391
5121128 40,000 512x128 44943
512 x 64 67,796 512 x54 83333
256 x 512 20,000 256 x 512 21,052
256 x 256 36,697 256 x 256 40,816
256 x 128 63,492 256 x 128 76,923
256 x 64 100,000 256 x 64 137,931
128 x128 88,838 128 x 128 117,647
128 x 64 129,032 128 x 64 200,000
64 x 64 148,148 654 x 64 250,000
32x32 190,476 32x16 500,000

ViSiON
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Vision Research, Inc.

Ti+1 073-605-4500 Fi+1 973-606-0560

100 Dey Rd
Wayne, NJ 07470 USA
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Metallized Piezo Film Sheets

Piezo film is available in a variety of
different film sizes and thicknesses.
These can be fabricated into simple
transducers, or for use as full size
sheets for applications such as speak-
ers.

Piezo Film is available in different
thicknesses. Thinner films (28 and 52
pm) are the most common, due to
their higher capacitance and good
mechanical qualities. Thicker film
(110 pm) is used where maximum
robustness is needed, or if the sensor
is being used in a thickness mode
(d33) application.

Metallization options include a com-
pliant silver ink as well as sputtered
metallization. The silver ink is best
for applications where mechanical
stress is being applied. Silver ink

el change NiCu Alloy to Cu with Ni,
which has good conductivity and is

resistant to oxidation. Other metal-
lizations such as gold are available
on a custom basis with a set up fee.
For the sputtered metallized film,
there is no border.

These are only general rules, and a

discussion with our applications
engineers will help you to make the
best choice for your specific applica-
tion.

m Metallization

lends itself to custom metallization " rezofin

patterns for easy lead attachment.

Thin sputtered metallization is brit-

tle and used where signal to noise

requirements dictate very low mass

loading by the electrodes. Our stan-

dard sputtered metallization is 700A

of copper covered with 1004 of nick-

DIMENSIONS in INCHES (mm)
- - Low Volume
Description A C D t Metallization Part Price
Film Electrode Film Electrode (um) Number (Us §)

28 pm piezo fim 8.00 (203) 8.00(190) 11.00 (280) 11.00(267) 3 Cu-Ni 1-1003702-7 140.00
28 pm piezo film 8.00 (203) 1.50(190) 5.50 (140) 5.00(127) 40 Silver Ink 1-1004347-0 90.00
28 pm piezo fim 8.00(203) 7.50 {190) 11.00 {280) 10.50(267) 40 Silver Ink 1-1004346-0 150.00
52 pm piezo film 8.00 (203) 8.00 (150) 11.00 (280) 11.00(267) 52 Cu-Ni 2-1003702-7 150.00
52 pm piezo fim 8.00 (203) 7.50 (190) 5.50 (140) 500 (127) 64 Silver Ink 2-1004347-0 100.00
52 pm piezo film 8.00 (203) 1.50(190) 11.00 (280) 10.50(267) &4 Silver Ink 2-1004346-0 165.00
110 pm piezo film 8.00 (203) 8.00(190) 11.00 (280) 11.00(267) 110 Cu-Ni 3-1003702-7 160.00
110 pm piezo film 8.00 (203) 1.50(190) 5.50 (140) 5.00(127) 122 Silver Ink 3-1004347-0 115.00
110 pm piezo film 8.00(203) 7.50 {190) 11.00 (280) 10.50(267) 12 Silver Ink 3-1004346-0 180.00
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INPUTS

PIEZOELECTRIC (PE) INPUT
Input Charge

Source Resistance

Source Capacitance

Single-ended with one side connected to input common

3000 pC to 110 000 pC depending on gain for instantanecus recovery
10 M2 minimum

30 000 pF maximum

ISOTRON INPUT

Constant Current Excitation Supply

Compliance Voltage

Single-ended with one side connected to input commen. Compatible with constant
current systems using 2 wire remote charge convertors or integral electronic
fransducers.

Adjustable from 0.5 to 20 mA DC with control located on main circuit board
Factory set at 4 mA

21V maximum (AC + DC components)

TEST INPUT

This input allows the insertion of a signal in series (transformer coupled) with the
cable and the PE transducer. The signal level may be any voltage which will give
a convenient reading at the cutput. The test frequency must be between 100 and
10 000 Hz.

EXTERNAL CALIBRATION INPUT

Input Voltage Level

An extemnal calibration signal may be applied to the charge convertor input through
an internal capacitor of 1000 pF +0.5%.

To obtain FS output, the voltage input in mV should be Vin[mV]=FS x S

where F5 is the full scale setting and 5 is the sensitivity setting.

QUTPUTS; All outputs are short-circuit protected, single-ended with one side connected to common output.

AC OUTPUT

Full Scale Voltage
Output Current
DC Offset

1V pk to 10 V pk adjustable. Linear to 12 V pk. Factory setat 10V pk.
85 mA pk maximum
20 mV maximum, < 5 mV typical

DC OUTPUT

Full Scale Voltage

Output Current

Output Offset Plus Noise Voltage

This output is proportional to the peak average of the AC oufput signal.
10 vDC

3 mA DC maximum

PE mode, 1to 85 mV DC depending on gain setting

Remote mode, 32 to 316 mV DC depending on gain setting

SERVO OUTPUT
Output Sensitivity
Linear Output
Output Current
DC Offset

TRANSFER CHARACTERISTICS
GAIN RANGE

Internally selectable 10 mVig, 100 mVig

12 V pk maximum from 1 Hz to 20 kHz

3 mA pk maximum over specified frequency range
17 mY maximum, < 5 mV typical

0.3 to 10 000

GAIN ACCURACY
Input to AC, DC or Servo Output
Input to Meter

+1.6% of F.5. maximum, with filter disabled
+3% of F.5. maximum, with filter disabled

NOISE
PE Input/AC Output Noise

PE Input/ AC Output Low Frequency Noise
Remote Input/AC Output Noise

Servo Output/All Inputs

Moise Induced Meter Deflection

PE input open circuit, a 250 £2 resistor connected to the remote input and current
adjustment set to 4 mA.

0.005 pC maximum rms plus 0.0015 pC rms per 1000 pF of source capacitance
RTl or 1 mV rms RTO, whichever is greater

Less than 300 mV pk-pk RTO with 10 000 mV/pC gain, from 0.05 Hz to 100 Hz

Full Scale 01 03 1 3 10 30 100 300 1k 3k
mV rms 20 60 20 60 20 60 20 07 20 07

10 mVig output sefting

Full Scale Range 10 1 01 01
Sensitivity Multiplier 0.1 1 10 100
Noise mV rms 2 1 1 0.2
Full Scale 0103 1 3 10 30 100 300 1k 3k

PE Input [%] 31 I 1 <1 <1 <1 <1 <1 <
Remotelnput[%] 5 3 5 5 <1 <1 <« <l <1 <
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TRANSFER CHARACTERISTICS (continued)
FULL SCALE RANGES

Sensitivity Multiplier Full Scale Ranges, g pk
0.1 10 30 100 300 1k 3k
1.0 1 30 10 30 100 300
10 0.1 03 1 3 10 30
100 0.1 03 1 3

FREQUENCY RESPONSE

Piezoelectric Mode
Lower Cutoff Frequency, AC and DC Outputs

Upper Cutoff Frequency, AC and DC Outputs

Remote Mode
Lower Cutoff Frequency, AC and DC Outputs

Upper Cutoff Frequency, AC and DC Outputs

The gain is flat within its bandwidth. The upper and lower cutoff frequency is 5%
lower than the gain at 1 kHz.

2Hz +1 Hz
-3dB at 0.6 Hz maximum, 0.1Hz typical
The upper cutoff frequency depends on full scale setting as follows:

Full Scale 01 03 1 3 10 30 100 300 1k 3k
flkHz] Minimum 2% 25 25 26 25 30 35 3 3B 3

0.5 Hz maximum

-3 dB at 0.2 Hz maximum
The upper cutoff frequency depends on full scale setting as follows:
Full Scale 1 3 10 30 100 300 tk 3k 10k 30k

f [kHz] Minimum 24 24 24 24 30 3570 70 70 70

AMPLITUDE LINEARITY
Input to All Qutputs
Input to Meter

1% of reading from best fit straight line approximation
+3% of full scale from best fit straight line from 0 to full scale

OUTPUT CALIBRATION MODE

This mode is selected from the front panel switch. A calibration voltage is provided at
the AC and DC outputs. The amplitude level represents 100% of full scale, regardless
of range or sensitivity control seftings.

Voltage Accuracy +1% of full scale
Frequency 1000 Hz £5%
ENVIRONMENTAL
TEMPERATURE RANGE Operating  36°F to 125°F (2°C to 52°C)
Storage  -65°F to 185°F (-54°C to 85°C)
HUMIDITY 95% R.H. maximum
POWER
INPUT VOLTAGE Selectable through a switch located on the main board
90 - 110V rms
105 - 125V ms
210 - 250 V rms
FREQUENCY RANGE 50 to 400 Hz
CURRENT 100 mA rms maximum at 115V rms, 60 Hz
PHYSICAL
DIMENSIONS 488" hx 271" wx25.81"d (12.4cm x 6.9cm x 40.2cm)
WEIGHT 4.51bs (2.1 kg)
CONNECTORS PE Input 10 - 32 Microdot”
Remote input and outputs BNC, UG 1094/U or equivalent
ACCESSORIES
17180 Power Cord
EJ21 BNC to Microdot Connector Adapter
IM2775AM4 Instruction Manual
OPTIONS
35771 Filter Card
35818 Integrator Card
4948 Rack Adapter (1 per 6 each Model 2775A/2775AM4)
16678 Blank Panel
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Innovation in Imaging

Crasshopper 3 POINTEGREY

HIGH PERFORMANCE CCD + CMOS

@ USB 3.0 for bandwidth, ease of use, and cost effectiveness
® Variety of high-resolution large format CCD and CMOS sensors
@ FPGA and frame buffer-based architecture for optimal reliability

The high performance Grasshopper3 camera line combines the benefits of CCD with
the affordability and data throughput of USB 3.0. Its FPGA and frame buffer-based
architecture provides optimal reliability, a rich set of features, and a full image process-
ing pipeline including color interpolation, gamma, and lookup table functionality. The
Grasshopper3 offers a powerful, easy-to-use, and cost-effective alternative to Camera
Link and dual GigE LAG solutions.

Model Version MP Imaging Sensor
€53.U3-14556.C - = Sony ICX285, 2/3", 6.45 pm
1.4 MP = Global shutter
GS$3-U3-1455M-C Mono = 30 FPS at 1384 x 1036
¥ lor = Sony ICX825, 2/3", 6.45 um
G53-U3-1555C-C Colo 1.4 MP = Global shutter
G53-U3-1555M-C Mono = 45 FPS at 1384 x 1032
€53.U3.23560.C . = Sony IMX174, 1/1.2", 5.86 um
2.3 MP = Global shutter
GS$3-U3-2356M-C Mono = 162 FPS at 1920 x 1200
GS3-U3-2854C-C Color = Sony ICXES7, 1/1.8", 3.69 um
2.8 MP = Global shutter
G53-U3-2854M-C Mono = 26 FPS at 1928 x 1448
GS3-U3-2855C-C Color = Sony ICX674, 2/3", 4.54 pm
2.8 MP = Global shutter
G53-U3-2855M-C Mono = 26 FPS at 1920 x 1440
" I = Sony IMX252, 1/1.8", 3.45 um
G53-U3-3254C-C Color 32 MP = Global shutter
G53-U3-3254M-C Mono = 121 FPS at 2048 x 1536
" ; = CMOSIS CMV4000-3E5, 1%, 5.5 pm
GS3-U3-41C6C-C e 41MP = Global shutter
G53-U3-41C6M-C Mono = S0 FPS at 2048 x 2048
= CMOSIS CMV4000-3E12, 1", 5.5 pm
GS3-U3-41C6NIR NIR 4.1 MpP = Global shutter
= 90 FPS at 2048 x 2048
) g = Sony ICX808, 1/1.8", 3.1 um
GS3-U3-4154C-C el 41MP = Global shutter
GS3-U3-4154M-C Mono = 18 FPS at 2016 x 2016
T Color = Sony ICX625, 2/3", 3.45 pm
. 5.0 MP = Global shutter
G53-U3-5055M-C ono m 15 FPS at 2448 x 2048
G53-U3-5155C-C Color = ST”" 'Mﬁzm e
5.0 MP = Global shutter
G53-U3-5155M-C Mono = 75 FPS at 2448 x 2048
G53-U3-6056C-C Color = Sony ICX694, 1", 4.54 um
6.0 MP = Global shutter
G53-U3-6056M-C Mono = 13FPS at 2736 x 2192
653.U3-60056C.C S = Sony ICX694, 1", 4.54 um
6.0 MP = Global shutter
G53-U3-60Q56M-C Mono m 25FPS at 2736 x 2192
G53-U3-9156C-C Color = Sony ICX814, 1", 3.69 um
9.1 MP = Global shutter
G53-U3-9156M-C Mono = 9 FPS at 3376 x 2704
G53-U3-12056C-C Color oIS T
12 MP = Global shutter
GS53-U3-120S6M-C Mono = 7 FPS at 4240 x 2824

339

doi:10.6342/NTU201601337



See the Imaging Performance Specification, which includes quantum efficiency, saturation capacity (full well depth), read

noise, dynamic range and signal to noise ratio.

A/DConverter  14bit(10-bit 653-U3-41C5, 10- and 12-bit G53-U3-2356, G53-U3-3284, Gs3-U3-s1s5)
8, 12, 16 and 24-bit digital data 9\

Pixel binning and region of interest (ROI) modes

Image Processing
Global shutter; Automatic/manual/one-push/extended shutter modes
st Up to 32 seconds (GS3-U3-2855, GS3-U3-4154, G53-U3-5085, GS3-U3-6056, GS3-U3-9156); up to 30 seconds (GS3-U3- £
2854); up to 4 seconds (GS3-U3-1455, GS3-U3-1555, G§3-U3-3254, G53-U3-41C6, GS3-U3-5185, G53-U3-12056); upto 3.2
seconds (GS3-U3-2356) y

0.50 to 4.00, programmable lookup table

Cycle 4 gain and exposure presets

USB 3.0 interface with screw locks for camera control, data, and power

8-pin Hirose HR25 GPIO connector for power, trigger, strobe, PWM, and serial /0, 1 opto-isolated input, 1 opto-isolated
output, 2 bi-directional 1/0 pins

Standard, bulb, low smear (CCD only), overlapped, and multi shot trigger modes
128 MB frame buffer

2 MB non-volatile memory

90 grams (without optics or tripod mounting bracket)

Via FlyCapture SDK or third party software

Lens Mount C-mount
Temperature
Humidity Operating: 20 to 80% (no condensation); Storage: 20 to 95% (no condensation)
Operating System Windows, Linux (32- or 64-bit)
50— I'/—zx M3x0.5 x §4.0
{ i
o
2 c
(]
140 . 575 USB3 CONNECTOR JACKSCREW POSTS
{ /—snrus LED
= i
o
o

GPIO CONNECTOR

5.0 50.0 /—4x M3x0.5 = ¥4.0

— 260 fm—
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Convection & (] Data Physics
Forced Air Cooled Shakers

V2
V4
V20
V55
V100

= Shakers from 2Ibf (9N)
to 225Ibf (1kN)

= 9 variants

= Good axial and torsional
stability

= Special suspension
options

Data Physics’range of small shakers are in use all over the world. Some have even been taken
into space for special experiments under zero gravity conditions. Applications have included
medical research, electronic component testing, materials analysis, automotive component
testing, tyre balancing and actuator applications for antenna positioning using low axial stiffness special
suspension units. The V20, V55 and V100 may also be supplied in monobase structures for combined and

horizontal testing.

SignalForce

SINAKETS
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Options

= Berryllium copper spiders for V2 and V4 shakers to reduce axial stiffness

= Trunnions for models V4,V/20,V55 and V100
= Three axis testing configurations for models

= Metric & Imperial table threads

(7] Data Ph ysics

Corporatic

Data Physics Corporation
1741 Technology Drive, Suite 260, San Jose, CA 95110
TEL: (408) 437-0100 FAX: (408) 437-0509

V20,V55 and V100

Discover more at www.dataphysics.com
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