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Abstract

To meet the demand for high-precision in-plane displacement measurement in fields such as
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engineering online monitoring, precision manufacturing, and material mechanics testing, and to ad-
dress the issue of insufficient measurement accuracy of existing methods under large dynamic ranges,
this paper proposes a high-precision in-plane displacement measurement method suitable for a full
range of displacements. First, two-dimensional wavelet transform is used to extract phase infor-
mation for robust estimation of integer-pixel displacement. Based on this estimated displacement, the
target image after displacement is compensated and cropped. Then, the Lucas-Kanade optical flow
method is employed to obtain the residual displacement, and finally, the complete displacement with
sub-pixel accuracy is derived. Both simulation and experimental results demonstrate that the pro-
posed method exhibits excellent measurement performance across a displacement range from sub-
pixel to hundreds of pixels, with the displacement measurement error stably maintained within 0.06
pixels. Conclusion: This study provides a novel and feasible approach for high-precision, large-dy-
namic-range in-plane displacement measurement.
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e K P T AL A% A [1]- [ 312 5 4 i e S Bl Ml v B2 I A s iz R 2 —, HE S R E
B R BN S RS S HOR BRI RE . W R EORE R JEEA I R TR SR, DA AH 5% (Digital
Image Correlation, DIC) AARE G2 EH R NIz 42 . DIC £ H AR YAMAGUCHI /3% [F South
Carolina K2:/f) PETERS 28 A [1]-[314&H o Bl Tl S xet I Soks B B R AW B i, F 90 N\ 7 38 3 S
CORBGRILIE, JEAZRM” MRS, Rl KRS o WAR 298 R EA[4]-[10] AR FH I EAS B, HX
BT REHRE.

AR, HRIEIER—MET BURFFI i E AR, Cg AR I & ak[11] [12], HAETIRER
RERE AL TE 77 T B 5 25 9 73[13]-[15]« &7 ikiiid o A i 2 G i (A R s FE I i =484k, BEdHE
BMERMIBBNRE, WTSEIE A E AR R BRI . W AR, JeliETERe e &4 T Rek 2l
T DIC PJIEREEE . SR, JRERAEE BRI, BT RIS T EUERE Bk 5 H IR E .

ST, AN AR I I B BUE A ALAE BT LIRS R B B N B . 2O VR TT N
AR [16]HE I UG i A S, I DR R RS i 7 R s A B ARSI RS M B [17]. v iROGIRE R
PEREIE DL TR R R BR AR SCHR HH — Fh A 0003 T AV Bl 0 sk BE AL RS I B U7 v . 2 Rk i e Fa (i
T EBUR AR, TR ADCRES AR WAR AR AT R A AT, K OGIRIEE AR AR I & P i)
WL AT R B AT BN . AT R EERE . RBNASYE T A A2 A2 St 1 — Flop Rk .
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ASLHTF Lucas-Kanade (LK) HIE LR & AT iz iH 5 .
t 2L E (X, y), BEATE (t+ A INZIRIAL EAN (x+ A, y+Ay) » IRIEF R E RS, A
(X, y,t) =1 (X+AX y+Ay,t+At) 1)

1 (x+AX, y+ Ay, t+At) ZE 8 JEIFIF 20 B LB s o, 45

DOI: 10.12677/0e.2026.163009 88 FEHT


https://doi.org/10.12677/oe.2026.163009
http://creativecommons.org/licenses/by/4.0/

E &

ﬂAXJrﬂAy+ﬂAt:0 )
x Ty
BT At —>0, BEDRREATFE:

Lu+lv+1, =0 @)
A Ay

Hru=—7, .
At At

LK B2 —Mmiaiass, HERRBORE NN RIEIEA , B3R ERFEE . E XX
B BIINBR 2 R A -
> W2 (x)(Lu+ Ly, ) @)
(x,y)eQ
Sobt, W = diag [ W (X,), W (X, )] ABUR BRI, AR 01— R AR R — IR T B, 3
TR R
AU =b ®)

Horb, A=[VI(X)o - VHX)] s b==(1(%) 1 (X)) U =[uv] o JesMEITRGR 2, XU K
G, BAMAIDCRKR I

U (uv)=[AW?AT" AW (6)

AR E G MR R A ILESS R, A 1.

Z/pixel
08 -

06 -

00 T " s
e "~ __ Y/pixel
250 T e 300

“250
200

“200
150
o 150
100

50 5
ks

Figure 1. Three-dimensional distribution of pixel displacements based on Lucas-Kanade optical flow algorithm
1. Lucas-Kanade A T &G R R B2 = HNE
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Figure 2. (a) Zero lines in x direction; (b) Zero lines in y direction; (c) Phase singular grid diagram
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Figure 3. Singular point matching before and after displacement
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Figure 4. (a) Mobile phone photo; (b) Imaging system
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Figure 5. (a) A glass disc with numbered markings in the imaging system; (b) Sub-image
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Table 1. Comparison and error statistics of the new algorithm and pyramid optical flow method on shifted mobile phone
images
# 1 FHNRBREEBEANEESEFELRENEERERER

(Uit Vi) A BRI 22 L0 E ST PRSP 22 L R HE
(1.4,23) (1.4012,2.300) (0.0012,0.0000) (1.3923,2.2979) (0.0077,0.0021)
(3.6,10.9) (3.5996,10.9010) (0.0004,0.0010) (3.5528,10.8336) (0.0472,0.0664)
(69.1,9.2) (69.0996,9.2001) (0.0004,0.0001) (0.4902,1.4215) (68.6098,7.7785)
(5.4,87.6) (5.4002,87.6000) (0.0002,0.0000) (1.6371,1.8512) (3.7629,85.7488)
(100.9,0.3) (100.9009,0.2999) (0.0009,0.0001) (0.1172,0.6405) (100.7828,0.3405)
(0.8,102.4) (0.8002,102.4000) (0.0002,0.0000) (1.6564,0.0680) (0.8564,102.332)
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Table 2. Experimental comparison and errors of proposed algorithm vs. pyramid optical flow on glass disc
=2 WHERIUPANEEESFRARENEERGIRER

(Uit Vi) A RIAS IR 2L 0 {E ST HORIRE R iR R
(23.2558,0) (23.2687,0) (0.0129,0) (0.6621,0) (22.5937,0)
(46.5116,0) (46.4889,0) (0.0227,0) (0.1387,0) (46.3729,0)
(69.7674,0) (69.7219,0) (0.0455,0) (0.0185,0) (69.7489,0)
(0,23.2558) (0,23.2294) (0,0.0264) (0,11.1052) (0,12.1506)
(0,46.5116) (0,46.4593) (0,0.0523) (0,16.0302) (0,30.4814)

BA VA SCIE S @738 LK OGRUEAE DT 3205 L0 b R BUHEAT X B (W 1. 42 2 foR). HL Rk
Hrin

(1) EWBREIUVERI/MIBEE N, AR W AHT R S B Iz 8 5 B Gtk it I S
JE o LABCEALAS (1.4,2.3) BF A, £ FHLIE T B 07 50R, ASCRIER IR % 249 (0.0012,0.0001) 5 3K,
1M 487 FEEIRIR A IR 22 3% (0.0077,0.0021) B3 - B LA BAUHEK, &y Beiik itk e SURELE
BIFRAERM, MASCEIEMGRES T ARRRE AR, SR ERHH—E EHBREN, &7HOLR
ERRBOC R : X T (69.1,9.2) MIALH, &FHOLTIKIMASLE RN (0.4902,1.4215) , IRE ML
(68.6098,7.7785) 152, Ly E FLAE: Ifi A SCHIL MR 724V (0.0004,0.0001) 5 %K. * Tt 100 4%
IR AR, 41(100.9,0.3) , &7 HOBIRIEMILE R (0.1172,0.6405) DTS HMME: MiACHIAKIARERR
f#£(100.9009,0.2999) M mIFEEELE R o IX— X LEARAS JF PRIAE T K AL A S B Gl 5 B KR E K, PHEE
[T & T EOCTRE AT “ SRR 5 MR BB AR E N T IR AME R R AR
Bt AL — AR IAR R BRI, T e SR 580 1 & 3B et I B .

(2) EBEIE LI, b TSR AR T BRI S B R Bl R A AR, (RN YRS AR B
ARETEAMILS, ASCEEAEN R 100 pm 1R BRI 25 FARZEBR, A SLBLF WU T 107 FLAORS
JE, fEAKIEHS 100 183 PRI ALFS B I R Z2 I E 0.06 R LA o 1M < I G IRVAE I B S0 S RS I
RECE SR VE

(3) Ziey LAPIAL, ASCIRIEMSFIEARANGEZ AR A, BRI — B, OB ERsE.
HMEIRZE BT 0.06 BEK, HARARER KM ML T, S&7REICRIERIRZEMUEXME
K, HEEAFEI KRR MK, ERIEZ) 20 B 5 A AR

(4) AL )5 6 7 BOURIETH R WA ZA K, A SCHARIR [ L7E 40 B4, Hodiit
SRR T 100 20 AP A A, TG BORRIE TSN RITE 60 PP A . T ORIRIETH S 7 R
P B R AR R, DRI SE [R5 7 R AT IOR S KN 2 IR G . J9ik b St St 1], AEBOR
RRSTHTER . FIN ez BobioR, Skt 5 ae i i

(5) ASCEIEHIE G A A 4 5 SUHAE B EE h T A AL RS, AN BN SR D A b
ib[SEEE

RIS SRAEA R AT DI TR T BPERERIL, A SOR A A [ e K 5 AR 1
TR P T SR R 36 o OB B RSE > [500,500] « HOBE A4 2000 HIORE- 180 4 153K . 4RI ]
K 1y =150 A48, J 53 {5 e bU MED R AR SO B4 L e A R i, BRI N4 6 o, 15
GiRUNA 3 Prn. WA K0 SATH A5 A — IR, WA ROR S SARIRZ . (A8
WA R, BATH A R 3R 22 th ] LLYESRFAE 0.03 R BLN.
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Figure 6. (a) SNB_dB =10 Speckle pattern; (b) SNB_dB =20 Speckle pattern; (c) SNB_dB =30 Speckle pattern
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Figure 7. (a) 1,=80 Speckle pattern; (b) |, =150 Speckle pattern; (c) 1, =220 Speckle pattern
E7.(a) 1,=80&BEE; (b) I, =150 HBEE; (c) |, =220 BBEE

FRAERFHORIE 9 SNB _dB =30 A2, R B3R B B s RO A SCRE TSR 1 e i =
ORI 7 fros, WHRERINE 4 . WK FDERRE UL T S Z AR, el ik
MANK o

Table 3. Computation results and errors of the proposed algorithm under different noise conditions
=3 PEEBEATANEEHTELERSIRER

SNB_dB=10  fufgiRZE4xH SNB_dB=20 fyBiRzE4xHA  SNB_dB=30 /B iRELXE
(1.4010,2.3025)

(1.3997,2.3095)  (0.0004,0.0095)  (1.4006,2.3037)  (0.0006,0.0037 0.0010,0.0025

) ( )
(3.5986,10.8983)  (0.0014,0.0017) (3.5992,10.8969)  (0.0008,0.0031)  (3.5990,10.8975)  (0.0010,0.0025)
(69.1038,9.2031) ~ (0.0038,0.0031)  (69.1026,9.2033)  (0.0026,0.0033)  (69.1024,9.2032)  (0.0024,0.0032)
(5.3888,87.5951)  (0.0112,0.0051) (5.3967,87.5978)  (0.0033,0.0022)  (5.4000,87.5984)  (0.0000,0.0016)
(100.8812,0.2993)  (0.0188,0.0007) (100.8931,0.3017) (0.0069,0.0017) (100.8964,0.3020) (0.0036,0.0020)
(0.7838,102.3927)  (0.0162,0.0073) (0.7934,102.3985) (0.0066,0.0015) (0.7964,102.4007) (0.0036,0.0007)
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Table 4. Measurement results and errors of the proposed algorithm under different illumination conditions

F 4 FRIARBATAXEEHELGRSRER

I, =80 NS R {E I, =150 RS R {E I, =220 R R LA
(14014,2.3028)  (0.0014,0.0028)  (1.4010,2.3025)  (0.0010,0.0025)  (1.4008,2.3026)  (0.0008,0.0026)
(3.5981,10.8972)  (0.0019,0.0028) ~(3.5990,10.8975) (0.0010,0.0025)  (3.5987,10.8977)  (0.0013,0.0023)
(69.1025,9.2036) ~ (0.0025,0.0036) (69.1024,9.2032) ~ (0.0024,0.0032) ~ (69.1030,9.2039)  (0.0030,0.0039)
(5.3999,87.5986)  (0.0001,0.0014) (5.4000,87.5984)  (0.0000,0.0016)  (5.3996,87.5987)  (0.0004,0.0013)
(100.8964,0.3022)  (0.0036,0.0022) ~(100.8964,0.3020) ~ (0.0036,0.0020) ~ (100.8963,0.3033) ~ (0.0037,0.0033)
(0.7958,102.4009) ~ (0.0042,0.0009) ~(0.7964,102.4007) (0.0036,0.0007) (0.7961,102.4007) (0.0039,0.0007)
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