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Abstract Deformation measurement plays a crucial role in large-scale structures, experimental mechanics, and structural
health monitoring. However, the current measurement methods do not meet the requirements of precise, efficient, and
cost-effective measurements for such structures on a large scale with high precision. Therefore, there is an urgent need for
new measurement methods and technologies. In recent years, videometrics methods, which utilize cameras as sensors,
have gained popularity due to their non-contact nature, high accuracy, and low cost. This paper reviews both single-
camera and multi-camera measurement systems based on the camera network measurement method and system developed
by our team. It discusses key algorithms used in multi-camera systems, including image acquisition, camera calibration,

feature extraction and tracking, and deformation calculation. Additionally, the paper explores the applications of
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videometrics technology in long-term monitoring and rapid detection, as well as the main factors that influence system

stability. Finally, it summarizes the achievements and challenges of measurement methods and technologies for static and

dynamic deformation of large-scale engineering structures, providing an outlook on future development trends.

Key words large-scale structures; deformation; static and dynamic; videometrics; multi-camera system
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Fig. 1 System of videometrics. (a) Camera™’; (b) processing unit”’; (c) software platform™
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Fig. 2 Platforms of videometrics. (a) Tripods; (b) fixed piers; (¢) unmanned aerial vehicle; (d) unstable platforms
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Fig. 3 Schematic of dual-camera videometrics system. (a) Binocular stereo vision; (b) main camera with sub-camera™”;
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(¢) serial camera network"™"

£ I3 ) AN FRE 25T S X 454 A Sl R 22 s
T 0 i K J3E S I gl 20

3 BRI RSB L

PR A5 5 2R 40 00 OC Bl B v AR ERCR 4R M
LR FRAE SIS BRER AR AE . BURR SR
AHML R G0 R 4R H An W 7R 1 AR B 5 A ALAR 2 F 3R
BN S E (R R 3200 B AR RO FANE S B
AHHUAR X 11 5 AR AR R 08 1) £ FNIE 5% 46 B ) L 9T
T G R B 4 Sk S B ) = 4 s A A 5 RRAE R B
5 BR R FH T 2 O PR ER 45 0 0 S B RS B B R AIE A
(f 5 % BCHL X ) 5 AR T 3 82 8 A EHR A 2k 19
L e IR 22 NN LY R A Pu N SO NP ) 2
APLR G HHALE R =2) 8 3,/ B A LA AT
TR TR 238 A8 AR T I b A 0
3.1 BEBx&E

PG R R 2 FR A5 1 38 8 1) S Ay, 43R W) 20 SR 4R
55 P RE FLRERZBARESE D, SHILR S
22 6] 38 5 A0 ke & {5 S B P A S S B R B R A, 4%
FIHL R GE 2 [0 A =A% B P 2 &R 5 5 480 R R 45 A
LR G Z A1 A T4 B P 6 &R R R & ] LIAR 1R
B 1 fioh o 2 6 B N B AR B 3 AT R R4

Z L ZR G2 R 45 AL Z 8] [R) 25 fioh &, DA AR 4%
AHBLAEAS RV AL A R X B bR ) BRSO o 1825 il & 7 =X
3 Ay B fih 2 VAR fiok < W fh 3 AR A SR (an %
JH i i 58 A% SRR ) 5 AR BIL 1) ik & A 42 O AHGE | 38

SN EBRE A5 5k fih A AR HIL A R B Sl A, ol TR ik kL
FE A ALY fioh A2 gh A, DRt mT 2B 3t v G e 2 A )
AV 3 T B RS (R A5 B R A R
A O R S 4 A 5 i A 4 ok 2 RS RE 52 B AR AL AN 32
2 ) L5 2 [ 3 A 0 BR A R B A i 4 1R i
ZERRAL, DR LT R A A i S 3R, JHLE T X fiph A RS
LSRR BB AR B 052 T 91 o e 2 00 o e A N A
X T % 45 X 2l 25 P SR 9 37 55 AR AT A A
PG fiph 2 75 A AL R B | [ 20 P AR R i 20 5 X
B T 70 45 A5 3 5, A DAL A R R Y 5
B Ak e, [ 20 P AR A RS
3.2 MBRE

T AR AR A AR A5 B, 7 BRI
Al bR R VB R AR R 22 18] I B 4 0 2 T 0 B 4 S
FA A BOE R VTR AU N T e
JE DB ER bR 2 1 SR A, A 35 N S MO [ (L 5
Wy 78 28 0) AN S RO R, R TR 8 D00 i 25 4 1 6 7%
My o7 5 P T B RO AL T LA A A o AR L ELAS 52 AL
ML 55 p B T Y e A B2, B T A R T A
T 3K fife B 5 28 20 G OR 25 g S T 28 /D 4 X6 X 7 A
RUBE R 3l i i 2 0 RO B W AT B b 9 R 3R OR
NG SRR RF 2 F AR A, AT LAHT T 45 0 — 478 2
IR SRR R R DORE SF ), o — AR SR S
AR E J7 i o A8 AR R, R TR IR 1 B R
FABLIY Sl 5 25 0 P Tk 2 M R B R T I A E
W55 8 1 5 AT LU TR

0112001-4



XF T Z AL R Ge R U, Ry DR UE A5 RE ATL I 3t R 42 1 15
QB B SC IR | A6 X6 BN AR LI 35 58 s 22 J L 38 T
A A5 AR BIL I 3 =2 1] (49 4 RIS B OC Z o i« X H 57
AL 000 o 2R 9 9 AR G A 2 SR P T, AR A A
ANAHBILZ 8] 9 Z0 8 2 505 5 @IS ML B 2R 40 75 20k
B0 5 56 FR 0 5 FEARBILARTEI AR BIL =2 1] 14 43 [ 4% e 40 B
SRJG A AT LIAME i TALIS Zh s R iR 22 . ZAHL
R G AR 7T 43 R Ao SR 1 Z A HL 2R Gebr
FEFMT NG Z IR Gibr . A AL ZE
ML R GEATE , 7658 N S5 2 5 , AT A 2 1 29 3
T e A A AL Z M Sh5 € | 5 v 2 HEPL R
B (1 5 S b5 5 25 R A 4 B 6] — A 2 Ry A bR R R RIAT
511 40 SRR [ 45 ] v R — B Kb 5 MR R 42— 25 S A ALY
Ay, SEELZ A ARBLI I G AR A2 o O SEARLEY ZAHHL
FRYGUARE R T A =28 5 ORI JH R e A 0
B, B AN 2 A O BR AN A S ST 4 SR Ak
b 3R G — T A JR b s B 5 58 R I e AL
S P AR S s AR AL 28 S K e 3
TR 7 [10) R 460 SRy A7 8 S 3 0 AR LA S [ B 55 — 25
ST AN [ 37 P9 7 400 =2 [ 0 [ 32 24 RO 3R il 1ok [ 3 24
R Z A% 345 2 AR A ABAHAIL ] 9 07 2 56 & L il an &
ChArUco A 9 Z HHLFR Gebr ™ Ik T4l & BLa A%
BB AR I 22 AL R Gebm o 4 o AR AT AR X BT 428 1 1Y
R I AH AL I 45 22 G2 AT BRAHBIL I 2 R 50, AR 4l L3 T
M8 RN R 5 kit TAR RE

1) HRERAHBILIN 45 b

AN TR T HAth 2 A B R G, o R AR AL ) 265 15 3l 2ot A
AL OGN LT R BT 0N B BT I B AR
AABILIN &5 v, o) S [ 7 1] ) A XSk AR BIL G A4 A A6
H AT AL 2 M AR BT A [ 1L A Ce) T, AN [R] s i) £ A
I8 A50AT LA L B8 4 /N B RGO T b, B SRR e
B - CR) ST DA 380 0t 0 B S B8 o 3K
A6 AE BB 5 B R4S GE 1 A AL iz - 1 5 45 4 A8 B
ST R AT BAE N AP 3 5

2) I BRAH AL P 25 A 2

IFHR AR L 25 5l ok B o, Z A ARMLZ ) VA =
FM A A(b) ], B 2R JE A 9 1
Z AN R GobrE Jr vk o A% P AR 35 1 T 95 B0 g i
(4 B 2 D 95 56 LT 0 AE AL I 28 1 A, Sk T AT AR b
TR S AR R MV B AR RES R A
S A AL AR L 4 30 AL AT 2 R 92 7 A A = 4R AR R L 2 S
3 fif T 55 BN B AT AR A5 0 B A BIL S 8L, B R
H Levenberg-Marquardt £ £k 55 2 > 52 80 A HIL M 45 (1)
PR IE
3.3 HERBERE

FRAE $2 IO G 0 $2 WS AR L B3R S
A5 A OC B RRAE | LLE T H A SR 58 1 A At 181 5% ot
Hh TR B X SRR AE o F G R R AE 32 AT T Sy
fiE REAE 8L B ARFEAE K BERRAE A AFIESE . B4

F61EF1H/2024 £ 1 B/BAEEFZHE
W R A I B A Zernike BT Roberts B T
Sobel T Log & ¥ .Canny & 7 H | X ERE
TRUVEE S H AR 2 K R A Harris £ 5557 Shi-
Tomasi fi &7 VRO AS 48 F5 4E 5% & (SIFT) ™ L in
S R 4 AE A (SURF) ™ BRIEF ™ | BRISK ™ Al
FREAK'™/4

H br IR 57 5 76 8 1k 5 0 BRARAE | X ol 0 &85 4y
o bR G W R A7 22 07 IR B, DA S B AE 75 G 51 s
PR v B — (57 %) A A R, DT A B L A R — A
] B N 32 s 0 o B E A B B0 T B AR
VT B 7% R AiE DT L 72 RO IR 75 o

1) AR DC g 35

FE T DX S 4 A5 A DT T 92 30 2 A TR P A% v W Sl AR
G, SR 3 — MR R XA 7 B 00 I8 % X I
B HEAT b e R A W s B L TR AR R R S R
PG IX ok 22 [] A AR ARLRE o 7 AR RLEE Tl v 3 4 e v (B
T A%, B F DT EC ) (A, X A B AR T IR IEHE
5 MR Fre AR I X35 o B 118 R O o o A AL 12
T E R — B A G (COVbRTE 45 CC |
H— AL B A (NCC) FIFIH—fb BEAH XK (ZNCC) 5 /&
5 25 FAH DG (SSD) bR , A 4% SSD H — 16~ J5 25 F
(NSSD) F1Z= 4 —146~F-J5 22 M (ZNSSD) 4%

BT DX BB UG P A9 B 45 R O AR R A RS
R T A A W RS B 7 S B R R R AR
B DR I AR R B ARG B o w14
R A WAR A R AR E ™ A R0
AN A DGR A 25 B B R BR T k.
5 BE7R AR AT AR R ASERR DG i vk 42 M T — RO Y
PR Z2 R AT DG FC R A5 38 7 A3 J7 12 o 2 5 REAIE A DE i
(R 355 R, A R R A T A s ] 5] 4% 0 A7 6 B 4 B
IR B EBE A W AR Z AR AR, BRI AT SE BN AR e 5 £
S S S AR W

2) FHAE DT D

IR AE DG 5 16 47 30 B ) 2 R o B AL S = A G
AR RRAE BRI DT E SR S B . REAIE D Ok BE A%
A Ak B AR AR AL ' R 2R R A AR B DL R H A 5 3R
FR AR T 0 PR, 458 v RS 500 R e o 7 ol b o 7
REAFEVCAC A B b, AR R A, A RS e s R AE
RGN A 0 R R DA R 3 v B 2 RE A R AR
VG g o i Hp X B 25 H B — BB PR DT (R It T X
SR VU EC ST S BR L B R T SR DG A R ik A A
T 2R P P AR e B4 BE AL A R — BU(RANSAC) 35
/NP5 TP E (LMS)

TR AE VT Jc 38 B R B T J6 N AR i2 A9 9 ) 25 4
BRI FH &5 R0 A By 1 [ SRR AE DR A7 38 B, LA S A TR
i ) P 55 g 2 1T 1 1 AR o TSR SR 0 R G B R AR L )
. Khue 2R F SIFT $RAE 5 A A 7, s 8l 1
B G AE 51 4= a7 5T B9 07 F% W s Dong 2R ] SURF
FRAE S R8T, B T S AN W (& 6) 5 Hu

0112001-5



£ 615F1H8/2024 F£1 B/BAE5XBEFZHE

71--¢ Determine the initial template

A

A

Acquire the real-time image -+

--¢ Make similarity transformation

A

A

Image

Update ROI based on new
projection position

A

Make template matching

Make Gaussian fitting | B

A

Output extreme point

Pl 5 A4 3R AR A AR

Fig. 5

Sub-pixel point extraction and tracking*"

K6 AFMEFEHRS I o () FRAEH UL ; (b) 43 1E T L

Fig. 6
S5 USR F ORB RFAE R 28 08 1w 0 o B AR 17
TR
3) G Ak

Mk EE S MY CRIE MR, &8
JEU R AT EA ER g s R R S s g,
W B A GG 43 B, T AR I B 42 1 1938 B 15 B
43 6 7 ¥ B A Lucas-Kanade 6 i %Y . Horn-
Schunck 3£ BT it 3% Farneback 3% 3 T A {7
B R RN TR A S e TR T AR il .
Guo Z ) Lucas-Kanade Y6 i 5 52 30 1 1 2R 45 1 5K
I 3 25 067 % I 4 s Dong %57 SR FH 56 T I 8 2% X i 6
T R i BT Y S B SE R A 2 A I . 54
Yk AR RSO A B R RS R ME R
3z B, i e R IR — S B E R A BB
AL TR R CRRAE ATUAE o SCIRL 80 R Harris £ o5 5230
T NAT KA 70 AR AR % s 00 % 49 W I s Dong 28

Feature extraction and matching”"’. (a) Feature extraction; (b) feature matching

F Shi-Tomasi £ s . SIFT $:1E 5 LA B SURF $51E 55
EAT AL W I, E B AT LR 45 R e B a0 R R 2
TR, R ) [ A0 O S i L A R . A B R
TR R Y SR AR, A T SE A R A S e
N ZWBe s, 52YLiik W s ik g4
Wiz sh s B A S H AT 58 0 T 4 T R WL A 3 o
iz 1 B o
3.4 TRITE

3. 271 Rl 38 o A S [ 5 2 o6 A BL R Gt
ATFR 2 AT LASRAS AN [R) B 0 2 25 2 o FIFH 4 S 5000 [ ]
ISR IBCEE 1 1 4 B2 72 I 5 1 T 7 P R W LA S R T
N AR TS I a5 ROBE R -0l AN TS BT — 4 AR
W 5. AR A 23 58 00 5 1) JL AP A, R PR A
AL £ OBURF AL = 28 00 a2 AR AL o9 445 0] £
3.4.1 ARHum &

TEAS B AHAL N AN S 5 B AR R 7 ), g5 4 vh

0112001-6



B4Rk

FEAE AT A VT BC 5 BRER | BIRT 58 B 4544 0 T N — 4k L
AR I it P T EE A RO AR AR AL £ R 37 4
IoF R A B A /N RS B B X D STt A o T
I, X T SRR ALK 16, 38 H R LLT JURP 5 v5 3R 45 4
1 1 0 2 235

1) AR B TSR 4540 0 SCBR A0 88, % vk 4
SKOAEBIL A 32 il o T 235 4 2R 181 1 B R Y S i
BT FESSHY AL AL I b 2R I A S5 AR T —
Y CHnpE R0 B8 B BKSEVIRE ), H BHME A E D
ISR B RS B, AT 15422 ) RCBE DR 7oK S B 7
s S A 55 AR A 7 (R B R S T
) B ROEE R

2) FI - 1B B TR A A Y SEBR LRSS  F
T BN A B — i TR 4k (2D) B P15 2D 45
) 2R THI P TR AR BK R 19 e 40 B i, T 2D P w4
LEFEATREWERS , /D FFE UL 2D 2 2D [ 55 %0 W R &,
R &5 g 2 17T 1T s 09 5 48 A B A T RSO 1w
B B 5 R R A b o a3 8 5 X R 6 &R, 1T DL
- TSN KR R, DT A 7 A PRI T T R 4 ) 3% T T
1 22 8] 9 JLAR) ¢ 2, I HOR FH B0 B 45 21 9 0 i 5
TN AZ 0l 5 25 4 S TH Y I fA B RE I
3.4.2 MARHLE Y F

TE 58 W20 A7 ML 2 148 BT AR A58 R 48 1 S 4K
FUL 25 5, AR 4 — AR I 6 )t 3k mT DA 38015 1) — 4
SR AR SR BEAR S o 5 AR AL it A K A S5 4 b T
Il B4 Ta) B —FF  FE R AL 5500 SURBIL 2R 8 B TE v
i AL Be i -1 A WA A TR o R T A R A5 A
TR = 4E R G, AT LUAE R 5K [RbR a2 15 58 AR LI
ZARE T L A m T DR IE S AR RS b H o A 2
A7, AL X AR JUAR] T B AR G ST AR S . B I F

(a)

SG-1)  C(i-1) Mi

F61E5FE 1H/2024 £ 1 B/BAEXBEFFHE

FAI DN e B 5 38 AN A7 AR SR B A B A ) A =
] 5, AT DA JE AN ALEE 2 % Anie ™ FE L b AT
Hahn 2 (a) R R o AR BILIE] B R JC AL AT L AR
1 PG, I8 R R SRS D B35 A 2 7% b e YRR
AR AR, T AT AR 8 X6 A TLART G 28 0 5 ST A R o 1) Ak R
ZH . B n R DGCHF 22 8% N B8 S8 RS 8L
K27 mi Wy 3D A bR AT R G AL .

55 B AEBIL TR PN A LG, SO ML = 4 e DL 7S
B AT ) A AL PRI 2 A5 B R A i A 4 2R
i 4« B8 s B AR X E ST AR R R G S EE TR B8
T 5 Long % F F X H SEARLSE 2R G0 S8 1 X A 42
5 A6) 11 A B W 0 AR 25 PP AL Liu 587 0 b T A ML
Bl R S ARG FR G000 R B A s2 e, BRI RCE
SEARPLAE RGBT CALMLERL 0 v A B AR T
3.4.3 AAALR %N F

PR AL R G55 AU PLI R G o R AR
T2 A7 S0 A0 RN RS A3 B S R, L i o R
o Z BN 6 B Sis s sl iR E . TR
P H AR Y TR 45 R 0 R T I I %) R) A, AR A BA 3R
HTOER IBCAE ML R 2 I B AR S RN I 15C AE ML I 2 )
5

D) HBRBAHLM G . WE 7(a) i , M5 S HEAE
P 8, C RS A AL 2, , R AR i S IS 247 19 4% 2R
TGOS o UK ARAILIN b Y L S TN o AT — S0k BD
T B 81 3% 20 3 o AH & XS AH AL 32k [ vl 3% 8 2240 4
S BT AN TR AR AL A ] — 000 5% Bz T[] — B S A
ML B R A b SR, BT R G 24
ABALI S B, AT UG i dn SO R, an X (D) Bios B2 £
TE An+ 2 R FNEL, G0 R A% 3 B B T A 72 m=2 1>
S S B S, W AR 0T A 3 R R AR

S(i+1)

-
———
-
-

''''''' S
80 u(i) 8Vs(i1)

Y
Ci —
B
la o
I* o 2
dS(M_]

-..l
L |

B 7 EECARBLIZE " (a) 7% I 5 (b) 45 #4728 T i T o B e 2% A /s 2

Fig. 7 Serial camera network™”. (a) Schematic; (b) schematic of the change of measurement units before and after

structural deformation

0112001-7



E61EE18/2024 F 1 B/ B EBETEHE

B4R IA
P D7k, AR R A H AR AL 9 46 rh T A b A s
) 5r % £ LA K AR BIL A 62 7% R0 AR 2 AR Ak, S R AL T AR
it Yy 2 JO A I .
hii = ki [(Ayy, — Ay )ecos 0 — dyj +sin 0]
hs = kS [(Ays, — Ay )ecos 0 — d§ +sin 0]

hi =k [(Ayy  — Ay“)ecos 09— dfy  +sinf"]’
hs  =kS [(Ays  — Ay“)ecos @ —ds  +sinfd"]
(1)
KA EAR KM ALGR S, AT b o A AR &S
T h A VERS EAE AL MR TR R B RS E k o K
G A5 & B TRAE B Ay 8 B VR FR & 500k A AL Ak
)l TR 5 o J2 RCL ML S A VE AR AR T 1 #E 5 5 07
J 4T R Cor ARGk FEMLER T R0 M A8 b & . A RT
HE IO A 5 PR A8 A B A A A B, o L LR B {1 T 3
AR ESE], Ay 08 W
2)IFERANLM %% . L RGREA V-5 Rh/is5h A
EIE B RE T, F TAE R AR AN 1] 8 BT % o - T AH BIL 160 2%
o ST M) A TE AR WL XS 352 o 5 A AR DL 3RS &

B7S B s 3, 35 35 )R AE AL W D0 245 44 A0 X
AHHL B AR TE AR BB, 78 X 0 45 2R R 1732 sh b2 5wl
DLAS 2] 2545 A0 X TR A AR TR AR B e e AR B )
Sy s m LAk 6 RUBE TR 73k PR A B vk B4 S RO B
ORI L B A R, s (2) fn sk (3)
FER o

G/ , = argmin 2 z [(z‘i,w,pﬂj.,‘—){,-.j,,p,.‘jv,“)—

G/, ie[1.NJje[1.Mm,]
[K|0]Guc(Gr, —1)Pi. ], (2)
AP argmm E E {(A,‘,_/,p,»,j,/,*
ie[LN,] je[1m,

AP ,H) - [K,y 0]Gs.. .[G;f,f(P{: L+
GundP,)— Pl ]) (3)

K GY 2 I 2B £ 0 207 5 A AR 2R B B 40 50 2R
NG HEARBIL B4 BCEE: 5 MR 42 1) i ) 00 5 A RUEE )
T PO SR AR B 00 SR U AR AR AR s p S 4R KR
T F) 55 AL bR 2 K R MHILIN S BUE I 3Gy o 25 i
HHHLAR AR 28 FIF- 5 A Hm 28 2 (8] B G4 5 R

Step 2:

Template matching Image coordinates
tracking of the target

1

Traditional vision-based
measurement method

Camera

ve displacement

Step 1: ‘ Calibration of

MCS without Step 4:

| “Compensation method” Targets — Stable points

” _ overlapping FOV

proposed in this paper
Y

relative displacement

7 & Statlonary

& pomts \a

Platform 6-DOF Note:
ego-motion MCS: Multi-Camera

Systems.

v

Template matching
tracking

Image coordinates

of the stationary

p oints

5 : 2 FOV: Field of View.
6-DOF ego-motion estimation
method based on MCS without I:l Process

overlapping FOV

Step 3:

B8 JFIBAR DL S T AR AR

Fig. 8 Workflow of parallel camera network™”

4 BRI R A 2 A f BRE M ) 4 sk
9 N
A4 DR 190 A 2 bR O 39 A
ST K 5 AR T4 (0 B A 7 55 B 9
TR AR T R R
SRR I I RS0 69 P I 000 20 B
e ) Tk 2 2 T8 o ) P S 45 e A

B 7E AR LS A B 24 IR A R RE T 7R 4R A Y it
TR B Ak ) B R A AT 6 R G
TR R 20 3R SR A R 5 K U AT 2 A K R ) S L
X 5 B HEAT RS2 1 W R B R LS B LAE R E
K B R R] B AR X 25 A8 A B3 AT Ol R BB 1 AT BR R
BT, % 2R 88 1 Fa e Pk A et R A i
4.1 KHKWN

KW XS F R G W fa e MRk . e 7E

0112001-8



SRR TR, Hy Ah SRR S A i G LR A it D 8l
KA it ARBILIS Bl O IR A% 1 1 728 Al LA R 14 368 il Y
JC AR ) 45 R BURME ST R e R R n AT
T RS B2 T I, 35 Al S SR T DR R T R 45 4 K 30 s U
BRI 5 R G B R R e Re e PR Rl T

H A E 24 2 M EOR T BOH T Az ) i o 7
o A BRSO 0 R % 2, s A A 3 0 i L
12 B AG I AR R T 4 R R A A 1R 2 R S ROR T LA
I R R U ) S T 5 M) D 1) 24 A DT RS (OCMD) | |
KAEE AR (UCC) TR A G A LU — 18
T B o6 IR AR Al 44 o 5 | 762 A 00 1R 22 5 R Tz Bl w2
TR AN i TARMLIS B i S B R 220 Luo 4 X
Tt i 1 22 T DL R E S BE AL A S YRR AE
Hay A 3 D D A T T O/ 7 e TR BRI D' 2 i U I
SR AR 22, JF 96 1 3% 07 125 78 D/ I 5% 22 T3 T Y
AR, BT RS HOR M B L SI2 4R Bl e R R 8 7
WA B RIR S A, 25 N R S R T
s g Y B A8 T AL 1 22 B RV JF AN, T AR
AR 2R TR R KT ST A R AL D
S Al T A G R I R 2% . Feng 55 R H
UCC M OCM 1 il K52 i IC iE 7 35 , 45 4% MEAR R 4R 4%
A LI T S B9 S 2 S A I RS E T T
OCM 14 77 2 75 T XL IRAS A0 FB 70 45 15 S 3
SR 2L PR B RT SR B o Jeong SEUUVHR MK 3 TR
JE 2 2 1 H bR B ER B T A A AL RS D, R
DaSiamRPN ( Distractor-Aware Siamese Region Proposal
Network ) 2 fiff P B5 35 H0 i 51 & 1 15 22 [n) 230, 5 38 2od
2N FI A A SEE B UE T %07 I ARG B Al B R R
FEARBE T AT . Wang 5 T —F T A
I 2% 5 DL E (SEPM) B8 357 B3I 15 2% RS 240 1k B R H]
TR AR ) i G E N AN ISR UE T SEPM RS
BRI B . Lee 55 R JH UUR B 2 48 3447 42 3l 4
2%, FARBUH T 00 4 2540 2 B8, B AR HLIN & A HL R &8 A
B i1z gl , WA T IF AN s s 5 DR Y 3R 22 | ISR IE
TZ ARG LU T 3 AR B AT 19 32 22 1) )

eI T AR R b W 65 3% i A FE o AHAL
A PRI TLR [ iz 3l By XS4 A 5 5E 5 1 R 5 Ik 3
A % e B 3T 9 0 T30 B 5 S i i S s R S as . M
LBy B s 3h iy & S A i (6-DOF) , A 46 =4~ F %
(ATy, ATy, AT,) M= (AA Y, AA v, AA ), FHHL
AN IR S RS B 2 T B 2 R0 R 22 0 X TR
PLF & A B8 A o iz 3 A 51 a Il & 22, A 41 A
AT T RN E B AL AR A AH P 45 A Y
AL B3 Sy 3 UG AR AL 0 28 A0 R AR LI 28 . - 1B AH HL
W 2% 72 1 224> T B S AL 3 1 AR AL T o 3 42 T B 1 2 A
PLARGE . RGPS TS 0] IR 37 5 R
T W R, AT LA 7 A BB 22 A R T AR AL R ) e Kb
B GRNAmEEs) . ELRE D, ZRGE A UE
AT E WL 578 SE B 2 K G FokS . 7E 7K

F61E5FE 1H/2024 £ 1 B/BAEXBEFFHE
g5 v il A2 2R G AR AN B A T 000 3 1 A R e
5 B0 KN I S LS AR 45 LR %
Go EHBEMAG R KL TGN 57 TR H
g RGP R AR G b 0 e b R R R Al 3 it AR TR
HORE FEER . XTI BRI Ty TR AR A R S K
KR G5 1) 22 A8 Wa DN v T i o 0 o R S B &
25 (] 43 B 22 (8] W 8 I, A 1 BA R 22 A4 306k S 0L
Sl VA VE AR TC AR 8 1Y ER G D 4%, 7E KBS i B R IF K
0 T PN O A O ) S B RN A ) S . X R G RE S S
I ] 25 2 RO 2 4 5 (%) 158 FE FIRE [ 52 8%, O 4 it 1R
5 AT R B G0 £ 1 B S8, A LA 26T B A Be B
Bl A 0] B RN Bl A5 A e o AS AT AR B 2B O 35 AR
PLIN 25 TF Je T R R T AR 25 40 i 2l A A2 IR U 4k, © 22 AR
TR FHAE 1 WL e 46 28 RL A I YT R Y T K
LR N LB BT RN N 28| S N /0 N B I
SR G AR I 22 A S I [ 20 2 AR
4.2 RE
PRI G I 30 R P A% A% R A A R, ik
JEF A ABAR M 5t R 3 1% R g 55, DL AR BRUES #4191
B AR B WR G B . B8RP TR S5 Y
AR PERE I v, DU S 1T 0 B i AE A
BCORBOE Y AR . X R T R e, T
I A A AN R R G — M 22 SR F A SR REAE R AT
HE MR RS . HATC 425 CHkiiE 7R H A4
AR 52 80 70 25 4 9 AR % I i 61 40 - Guo 58 R
Lucas-Kanade Y Ji 25 & 5¢ WAL F% 14 56 B I 42, JC 7 1
SEAE G5 R L2 AT ] i A i 1 i B bR AR, BR AT PR
SE B BEBL; Cai 25 T — FP e AS B ATl H b
B OL T, DAAR K BE A A T 4548 43 3h Bk Oy
B, % 07 8 AT L) A AR BL AN S5 8 0B B E R Lee
VR T — RO A 5P A 6 AE B ARz 5
W 7 v, R BEOE R (LIDAR) SR8 1 55 =, 7]
DA 5 AR AL 5 4 RO 235 ) B % X s (ROT) 2 [1] 1) AH
XoF A R 0 AR B2 ) DT AR R 2 45 Dy W B
22 [ AL A% | 8 ] DA R R 45 /) 328 1T 5 0 F% 7 1a) A T
A BTG | A T A1 I 5 2% 5 Shao &5 R VR BE =4 2 O
TR EAT B OB SR I | DC C AR B, AT DL S B = AR BN
PR B A7 R M 5
bt % TC AALE AR k25, TE AHL(UAV) - 1571 LA
Bl £ Se F 1 % B8 MM ML R 8, W LIDAR F = 43 B R
ARHIL, BE W% LA B = 0 G B 43 B 36 N 22 R AR IO 4
AT 14 235 #4000 . U AV 78 &5 44 ek 52 W i 7 T A oz
FHIEAE R I, 38 20 7 Wk 4 UAV Bl , o] DLSE 254
K B ] T) B P4 s 00 T R B, LA R T & A 1Y)
I AL FIE A4, IFF Ak 25 40 10 B0 PE e 4
PE o B4 : Yoon 28 f# ] UAV #4 5 AH ML 115 25 44
XL, Z S A T AR HLS S 3l MK SR 25 4 1Y) 4
XL RS, BT FH 4k AT B & X6k A2 B% i) 1 I 4 5 Ribeiro
VU IE AL s 5 A8 TR 5 1) B TET P AR RS OF

0112001-9



il A 15 1 0 PR 5T (TMLUD ) 0 2 50 40 i 52 405 4 1) o o)
LR FE 2 AN A TR Bk 1 254 50 T % 7 R I AR
P 5 Zhuge %R T — BRI 2 T8 ABL &R G 6
PR TR % VR B AR S5 R T T B Ok
6 BE Y 2R MR 1 B JC A BLEY I Bl I 1T R A
B AR T AR B R ) VA 5 Xou SR JE A HILEE 2R A
ML, I 5T MG =4 s ik, SE B T B LA IR
ACEE AN A, Ak, AR A BAAE ZE B R R TR B
- 1Y B AR HIL R 25 AE S B P RS 1% TR B, i aT L
HMEFPLT G2 3h 5| R i iR 25, 4 3k B — AR e
o BT e AR BT
4.3 FmMEXE

F TGN 5 2R G5 09 K I TR 45 # E SE Br v o
ZHEN ZAHEB XN R EEA RGE MR
BOREE . RGO 2 EEORIE T AIALL AR 26
U bR 3 4 B 2 B, 5] 40 el AR AL A 4 BIR ) B AR B
A5 PLTT RN A E] VR B 8 N o A 7 PR T O 78 3 S PR
S0 A IE7/RUN N W= ata o = NN N |51 = 3 G VN
T ML 2R G 4l 412 T g 00 256 100 45 4 i 7 5 N T A 7 AT LA
PR RPEHC G IR RS W I R R E M AR
FRIE Z) 2 B AP IR R R 2 i, 30 H bR S B iR 22
WRFEZRRA . A FHMREREE R &R (i B2 A2 1k A5
PR sh 5 A A HL S 3h ' BEAE £k DL R GEE 4 51 ik 1) o IR
SRR S ) 4 N A% S5 e R RS B 7R AR O R,
B () 380 I R ARG DT v A P o AN DE T B A
B, R I HE A 2 IR TR T . AR AN
OGRS H AR RS BIR E R T IREN R
o P EEMG T T R, DI 52 M S A DT IE A 45 2 .
TR TR ARG RS 1 T B FE B SE i 30 i R
PERE S Z B S, Har & A 2 a0 Dk i B
PR 25 R R . Ak A HLE s B (AL
2 AR T AR SR ) b g R R 2, BT
FH ) 7 02 ¥ A AL CE T 8 8 IR AR A 3
SRR R I W D b AR X R IE AR HILOE B B A R E AN
Bl o AR SCERS B T 2 R AR ML S B A OE
2, BN Yoneyama S5V T — RS IE M HLIZ B B2
Wil F) 7 3, FL A FH 37 40 A8 8 7 R 3R T AHALES SR s
MR Z 0] () 56 2, IF 38 3 R A8 T8 DX 300k 1 8 5 72 7 o
MR B, 22 05 I a7 00 A8 4 ok T B A AL ES B0 Y 5 e
FE I 5 R BEAT R A B ] VBRI P S E Y
A () a2 S04 FR e 25 A ) A T LIRS Ak AR
L s 25 2 WK B AL B8 L SR IH BR AR HLIZ 3l 1Y 52

TR AR TR 5 A8 Y 0 — i AR = A R A AT
R R DR AR A i B ) R B XA BL A A S —
FRIR B ZESK o B T H B PR B AN B 1 T 5 R Y
TR 25, O 4R R BRI AR R R T ORI TR A
R AR RAR R RS I BN R ek
A LR Rt B S AL S B DL
AFF 90 2 B i 22 Bl B 5 4 2 4 AR AT DU R4 o R R 4R

F61EF1H/2024 £ 1 B/BAEEFZHE
7 AR T AR

5 ZERiE

A SN ABI  R GE HEA AL , A 2T HOA
Pl ZMAPLERAR I B RS, N4 T % R EGCRE A
PLbRE FRAE S B B BB 33 5073k, igid T H
T8 A5 00 5 A A7 S0 M 00 bR T A 0 401 4 g A S
L LA e S50 B R AR e i E R R R
R T 45 K 728 2 5% 5 00 5B R R BT ) ol ) 197 i
s, (EHCAE S B 15 T AT T I 7 B, 5 T S
F1% 205 44 it B M 000 2R 296 B 06 1 S A R L P 114 5 401 A 0
Ao TESCER A P T IR A AR AT RSCR 4R R GERE
Rt R M A I oA ) PR R s, O e o i 0 Ak R
A B M I 25 2R o AR SRR A B I R, R G T
22 52 IR B PR, 2 3 25 AR B BRI BR BT AR B N
S BRSNS, D i R Sl
A I 3l 9 Bl G Z AN B 5) A A R P A TN R R
RIVIREE HL 2 A S, I 8 5 e Ak B PR A5 580 , i
iR AR VA 2 S SO i i O S ol 1 1 N A N R )
HR IR AT HRAHAL N 288 R G0, A 2™ M A U 5 1Y
BRA, PR 2R 48 A T R X R e R A L
3R 0 AT HLRE L I IR 3l 25 B3 SRR I, KR
J& T SR AN i B T AR A R P 4 55 [ IR Ly
RN A 235 i 4t I ) R 25 (o) 7S 4 b ) 22 R S
2y 25 B B A B — Bl R B TR A
e 78 2 0 T %

R R B AZ I e B e J Y B — 2 A A €2 3 22 A
L0 265 Ay 5 55 J2 AN [i) R 2 T R 45 g DR RUJRE: o s R Y
it R, R U] A R R Bl - 5 AR B I T ik S B K
SEfS O B e A PR SHOR YR B R B9 R R R Y
R TR 45 Ky 788 2 0 g SRR T 51 2 F) R 8 A TR 42
A R R 2R A R R T B R R
KA I T B OCTE RGLRY F & NLRE T, o] 1 T 45
Fift B AR T B B A1 5 4% b BRI R W), 384 2R 4t 9 3
TR AR AE T, O 50 B HE v B Y B Al R A
N0 S 53 W 45 1500 8 10 A9 G B D 3R

2 % X #

[1] KV S, Roy B K. Online implementation of an adaptive
calibration technique for displacement measurement using
LVDTI[J]. Applied Soft Computing, 2017, 53: 19-26.

[2] Gomez F, Park J] W, Spencer B F, Jr. Reference-free
structural dynamic displacement estimation method[J].
Structural Control and Health Monitoring, 2018, 25(8):
e2209.

[3] Park J W, Sim S H, Jung H J. Displacement estimation
using multimetric data fusion[J]. IEEE/ASME Transactions
on Mechatronics, 2013, 18(6): 1675-1682.

[4] Zhang Q, Fu X, Ren L. Deflection estimation of beam

structures based on the measured strain mode shape[J].

0112001-10



F61EF1H/2024 £ 1 B/BAERBEFFEHRE

6]

(7]

(8]

(9]

(12]

Smart Materials and Structures, 2021, 30(10): 105003.
Sigurdardottir D H, Stearns J, Glisic B. Error in the
determination of the deformed shape of prismatic beams
using the double integration of curvature[J]. Smart
Materials and Structures, 2017, 26(7): 075002.

Zhang W, Sun L M, Sun S W. Bridge-deflection
estimation through inclinometer data considering structural
damages[J]. Journal of Bridge Engineering, 2017, 22(2):
04016117.

Zhou J Y, Sun Z, Wei B,

multilevel structural condition assessment of long-span

et al. Deflection-based

prestressed concrete girder bridges using a connected pipe
system[J]. Measurement, 2021, 169: 108352.

Bonopera M, Chang K C, Chen C C, et al. Fiber Bragg
grating - differential settlement measurement system for
bridge displacement monitoring: case study[J]. Journal of
Bridge Engineering, 2019, 24(10): 05019011.

Lee Z K, Bonopera M, Hsu C C, et al. Long-term
deflection monitoring of a box girder bridge with an
optical-fiber, liquid-level system[J]. Structures, 2022,
44:904-919.

Xiong C B, Wang M, Chen W. Data analysis and
dynamic characteristic investigation of large-scale civil
structures monitored by RTK-GNSS based on a hybrid
filtering algorithm[J]. Journal of Civil Structural Health
Monitoring, 2022, 12(4): 857-874.

Nassif H H, Gindy M, Davis J. Comparison of laser
Doppler vibrometer with contact sensors for monitoring
bridge deflection and vibration[J]. NDT &. E International ,
2005, 38(3): 213-218.

Reu P L, Rohe D P, Jacobs L D. Comparison of DIC
and LDV for practical vibration and modal measurements
[J]. Mechanical Systems and Signal Processing, 2017,
86: 2-16.

Zhou J G, Xiao H L., Jiang W W, et al. Automatic
subway tunnel displacement monitoring using robotic
total station[J]. Measurement, 2020, 151: 107251.

Lee J, Kim R E. Noncontact dynamic displacements
measurements for structural identification using a multi-
channel Lidar[J]. Structural Control and Health Monitoring,
2022, 29(11): €3100.

Zhang G W, Wu Y L, Zhao W J, et al. Radar-based
multipoint displacement measurements of a 1200-m-long
suspension bridge[J]. ISPRS Journal of Photogrammetry
and Remote Sensing, 2020, 167: 71-84.

Rodrigues D V Q, Zuo D L, Li C Z. Wind-induced
displacement analysis for a traffic light structure based on
a low-cost Doppler radar array[J]. IEEE Transactions on
Instrumentation and Measurement, 1969, 70: 6503909.
Yu Q F, Guan B L, Shang Y, et al. Flexible camera
series network for deformation measurement of large
scale structures[J]. Smart Structures and Systems, 2019,
24 587.

Song Q S, WulJ R, Wang H L, et al. Computer vision-
based illumination-robust and multi-point simultaneous
structural displacement measuring method[J]. Mechanical
Systems and Signal Processing, 2022, 170: 108822.

(19]

[20]

[21]

[22]

[24]

[25]

[26]

[27]

(28]

(29]

[30]

0112001-11

Shang Y, Yu Q F, Yang Z, et al. Displacement and
deformation measurement for large structures by camera
network[J]. Optics and Lasers in Engineering, 2014, 54:
247-254.

Yu Q F, Yin Y H, Zhang Y Q, et al. Displacement
measurement of large structures using nonoverlapping
field of view multi-camera systems under six degrees
of freedom ego-motion[J]. Computer-Aided Civil and
Infrastructure Engineering, 2023, 38(11): 1483-1503.
Hu B, Chen W J, Zhang Y Q, et al. Vision-based multi-
point real-time monitoring of dynamic displacement of
large-span cable-stayed bridges[J]. Mechanical Systems
and Signal Processing, 2023, 204: 110790.

Yin Y H, Yu Q F, Zhang Y Q, et al. Deflection
monitoring of immersed tunnel element during floating
transportation and installation based on series camera
network[J]. Optics and Lasers in Engineering, 2024,
172:107857.

Wang M M, Xu F Y, Xu Y, et al. A robust subpixel
refinement technique using self-adaptive edge points
matching for vision-based structural displacement
measurement[J]. Computer-Aided Civil and Infrastructure
Engineering, 2023, 38(5): 562-579.

Yin Y H, Yu Q F, Hu B, et al. A vision monitoring
system for multipoint deflection of large-span bridge
based on camera networking[J]. Computer-Aided Civil
and Infrastructure Engineering, 2023, 38(13): 1879-1891.
Yu Q, Shang Y. Videometrics: principles and researches
[M]. Beijing: Science Press, 2009.

WINRP NI, EBON, SF A ) S5 R TR R i 2 RS
B iR ). WOt 50t TR R, 2022, 59(19):
1912004.

HuS T, Sun H, Wang M C, et al. Multi-viewpoint and
high-precision measurement method for spatial structure
deformation[J]. Laser &. Optoelectronics Progress, 2022,
59(19): 1912004.

Jal g, ARER A, RETE A, A . e AR O ik ) L e 2 4
SERBLBEN L R L] ek, 2023, 43(5): 0512001,
Zhou W, Du X Y, Xue X T, et al. Stereo vision-based
measurement system for geometric parameters of high-
speed railway catenary[J]. Acta Optica Sinica, 2023, 43
(5): 0512001.

Zhuang Y Z, Chen W M, Jin T, et al. A review of
computer vision-based structural deformation monitoring
in field environments[J]. Sensors, 2022, 22(10): 3789.
WU, IR, IR AT LA L8 Y 42 A 5t = 4RIk 3
W7 35 (7). AR A AR K22 24l 2021, 47(2): 207-
212.
Peng C, Miao W D, Zeng C. Three-dimensional
vibration measurement method for lightweight beam
based on machine vision[J]. Journal of Beijing University
of Aeronautics and Astronautics, 2021, 47(2): 207-212.
Yang M, Liu W F, Liu Z H, et al. Binocular vision-
based method used for determining the static and dynamic
parameters of the long-stroke shakers in low-frequency
vibration calibration[J]. IEEE Transactions on Industrial
Electronics, 2023, 70(8): 8537-8545.



F61EF1H/2024 F1 B/BAERBEFEHRHRE

[36]

[42]

Shao Y D, Li L, Li J, et al. Computer vision based
target-free 3D vibration displacement measurement of
structures[J]. Engineering Structures, 2021, 246: 113040.
FeoRAR, B IRAE S, AF L TORUCH S 1y B
BLE 32 3 it 0 8% A2 T8 W 4k 5wk (). 55 9O A T 44
2020, 34(1): 87-95.

Zuo C L, Ma J, Yue T R, et al. Displacement and
deformation measurements of helicopter rotor blades
based on binocular stereo vision[J]. Journal of Experiments
in Fluid Mechanics, 2020, 34(1): 87-95.

SuZ L, LuL, Yang F J, et al. Geometry constrained
correlation adjustment for stereo reconstruction in 3D
optical deformation measurements[J]. Optics Express,
2020, 28(8): 12219-12232.

Hu Q J, Feng Z Y, He L P,

improvement of binocular vision measurement system for

et al. Accuracy

slope deformation monitoring[J]. Sensors, 2020, 20(7):
1994.

LeeJ, Lee K C, Jeong S, et al. Long-term displacement
measurement of full-scale bridges using camera ego-
motion compensation[J]. Mechanical Systems and Signal
Processing, 2020, 140: 106651.

Shao X X, Zhou J F, Yuan F, et al.

panoramic-deformation measurement of cabin structure of

Real-time
launch vehicle based on camera network[J]. Scientia
Sinica Technologica, 2022, 52(12): 1849-1858.

BB, DU, BRRRE, A5 KRBUGS M mok B = e sl B
U A IS T B (], WOt SOt i AR B 2023, 60(8):
0811013

Shao X X, Yuan F, Wei K, et al. Advances in high-
accuracy three-dimensional dynamic deformation measurement
and its applications for large structures[J]. Laser &.
Optoelectronics Progress, 2023, 60(8): 0811013.

Zhang Z. A flexible new technique for camera calibration
[J]. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 2000, 22(11): 1330-1334.

Dong C Z,
displacement

Catbas F N. A non-target structural
method
feature matching strategy[J]. Advances in Structural
Engineering, 2019, 22(16): 3461-3472.

Ye X W, Jin T, Ang P P, et al. Computer vision-based

monitoring of the 3-D structural deformation of an ancient

measurement using advanced

structure induced by shield tunneling construction[J].
Structural Control and Health Monitoring, 2021, 28(4):
e2702.

Feng D M, Feng M Q. Experimental validation of cost-
effective vision-based structural health monitoring[J].
Mechanical Systems and Signal Processing, 2017, 88:
199-211.

Song Y Z, Bowen C R, Kim A H, et al. Virtual visual
their application in health
monitoring[J]. Structural Health Monitoring, 2014, 13
(3): 251-264.

Ye X W, Ni Y Q, Wai T T, et al. A vision-based
system for dynamic displacement measurement of long-

sensors  and structural

span bridges: algorithm and verification[J]. Smart

Structures and Systems, 2013, 12(3/4): 363-379.

(44]

[45]

[46]

[47]

(48]

[49]

[51]

[52]

[53]

[54]

[55]

[56]

0112001-12

Dong C Z, Celik O, Catbas F N. Marker-free monitoring
of the grandstand structures and modal identification
using computer vision methods[J]. Structural Health
Monitoring, 2019, 18(5/6): 1491-1509.

B WL, WA BT 2 AL R G R B A E (1] Ot
5ok 2k, 2023, 60(20): 2015003,

Xiao Y F, Hu W. High-precision calibration based on
multi-camera system[J]. Laser &. Optoelectronics Progress,
2023, 60(20): 2015003.

LuR S, LiY F. A global calibration method for large-
scale multi-sensor visual measurement systems[ﬂ. Sensors
and Actuators A: Physical, 2004, 116(3): 384-393.

LuY K, Liu W, Zhang Y, et al. An error analysis and
optimization method for combined measurement with
binocular vision[J]. Chinese Journal of Aeronautics,
2021, 34(10): 282-292.

Miyata S, Saito H, Takahashi K, et al. Extrinsic camera
calibration without visible corresponding points using
omnidirectional cameras[J]. IEEE Transactions on
Circuits and Systems for Video Technology, 2018, 28
(9): 2210-2219.

Takahashi K, Nobuhara S, Matsuyama T. A new mirror-
based extrinsic camera calibration using an orthogonality
constraint[C]/2012 1EEE Conference on Computer
Vision and Pattern Recognition, June 16-21, 2012,
Providence, RI, USA. New York: IEEE Press, 2012:
1051-1058.

B R, KRE, @A, 5. & T ChArUco PRI Z H
FIBURRE[T]. BB, 2021, 42(5): 848-852.

Zhao Z L., Zhang Z H, Gao N, et al. Calibration of
multiple cameras based on ChArUco board[J]. Journal of
Applied Optics, 2021, 42(5): 848-852.

StrauB3 T, Ziegler J, Beck J. Calibrating multiple cameras
with non-overlapping views using coded checkerboard
targets[C]/17th International IEEE Conference on
Intelligent Transportation Systems (ITSC), October 8-
11, 2014, Qingdao, China. New York: IEEE Press,
2014: 2623-2628.

Ghosal S, Mehrotra R. Orthogonal moment operators for
subpixel edge detection[J]. Pattern Recognition, 1993, 26
(2): 295-306.

Sobel 1. Neighborhood coding of binary images for fast
contour following and general binary array processing[J].
Computer Graphics and Image Processing, 1978, 8(1):
127-135.

Canny J. A computational approach to edge detection[J].
IEEE Transactions on Pattern Analysis and Machine
Intelligence, 1986, 8(6): 679-698.

BRE, B, SO AE, SF L BT AR R G 1
1A HL bR R Tk [ 06 % F R, 2022, 42(20):
2012002.

Lou Q, LiJH, Wen LL H, et al. High-precision camera
calibration method based on sub-pixel edge detection[J].
Acta Optica Sinica, 2022, 42(20): 2012002.

Ballard D H. Generalizing the Hough transform to detect
arbitrary shapes[J]. Pattern Recognition, 1981, 13(2):
111-122.



F61EF1H/2024 £ 1 B/BAERBEFFEHRE

[64]

LiY S, Shi W, Liu A L.
algorithm for multispectral images based on the correlation
[C]//6th International Conference on Wireless, Mobile and
Multi-Media (ICWMMN  2015), 20-23,
2015, Beijing. London: IET, 2015: 161-165.

Bansal M, Kumar M, Kumar M, et al. An efficient
technique for object recognition using Shi-Tomasi corner
Soft Computing, 2021, 25(6):

A Harris corner detection

November

detection algorithm[J].
4423-4432.

Krizaj J, Struc V, Pavesi¢ N. Adaptation of SIFT
features for robust face recognition[M]//Campilho A,
Kamel M. Image analysis and recognition. Lecture notes
in computer science. Heidelberg: Springer, 2010, 6111:
394-404.

You Z, Luan Z, Wei X. Performance analysis of SURF
descriptor with different local region partitions[J]. Optics
and Precision Engineering, 2013, 21(9): 2395-2403.
Mohammad S, Morris T. Binary robust independent
elementary feature features for texture segmentation[J].
Advanced Science Letters, 2017, 23(6): 5178-5182.
Yang S Q, Li B, Zeng K. SBRISK: speed-up binary
robust invariant scalable keypoints[J]. Journal of Real-
Time Image Processing, 2016, 12(3): 583-591.

Alahi A, Ortiz R, Vandergheynst P. FREAK: fast retina
keypoint[C]//2012 IEEE Conference on Computer
Vision and Pattern Recognition, June 16-21, 2012,
Providence, RI, USA. New York: IEEE Press, 2012:
510-517.

Feng D M, Feng M Q. Computer vision for SHM of
civil infrastructure: from dynamic response measurement
to damage detection-a review[J]. Engineering Structures,
2018, 156: 105-117.

Pan B, Qian K M, Xie H M, et al. Two-dimensional
digital image correlation for in-plane displacement and
strain measurement: a review[J]. Measurement Science
and Technology, 2009, 20(6): 062001.

ZEEPAC, ml, XJRE, A LR T R (B I AR B MG
BWAR Z M B ILT] b2, 2021, 41(10): 1012002.
Li S H, Gao X, LiuZ W, et al. Algorithm for sub-pixel
detection of fringe image displacement based on gray-
level interpolation[J]. Acta Optica Sinica, 2021, 41(10):
1012002.

Ma S H, Guo P K, You H R, et al. An image matching
optimization algorithm based on pixel shift clustering
RANSAC/J]. Information Sciences, 2021, 562: 452-474.
Trimeche M, Tico M, Gabbou; M. Dense optical flow
field estimation using recursive LMS filtering[C]//2006
14th European Signal Processing Conference, September
4-8, 2006, Florence, Italy. New York: IEEE Press,
2006.

Khue T, Catbas F N. Computer

displacement and vibration monitoring without using

vision-based

physical target on structures[J]. Structure and Infrastructure
Engineering, 2017, 13(4): 505-516.

HuQJ, He S S, Wang S L., et al. A high-speed target-
free vision-based sensor for bus rapid transit viaduct

vibration measurements using CMT and ORDB algorithms

[71]

[72]

[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

0112001-13

[J]. Sensors, 2017, 17(6): 1305.

Horn B K P, Schunck B G. Determining optical flow[J].
Artificial Intelligence, 1981, 17(1/2/3): 185-203.
Liu B, Zaccarin A. New fast algorithms for the
estimation of block motion vectors[J]. IEEE Transactions
on Circuits and Systems for Video Technology, 1993, 3
(2): 148-157.

Farneback G. Two-frame motion estimation based on
polynomial expansion[M]// Bigun J, Gustavsson T. Image
analysis. Lecture notes in computer science. Heidelberg:
Springer, 2003, 2749: 363-370.

Collier S, Dare T. Informed pixel pushing: a new method
of large-motion handling for phase-based optical flow[J].
Measurement, 2023, 213: 112711.

Zhang Z, Wang J, Zhao H J, et al. Applicability of deep
learning optical flow estimation for PIV methods[J].
Flow Measurement and Instrumentation, 2023, 93:
102398.
Savian S, Elahi M, Tillo T. Benchmarking the
imbalanced behavior of deep learning based optical flow
estimators[C]/2019 15th International Conference on
Signal-Image Technology &. Internet-Based Systems
(SITIS), November 26-29, 2019, Sorrento, Italy. New
York: IEEE Press, 2019: 151-158.

Ren Z, Yan J C, Ni B B, et al. Unsupervised deep
learning for optical flow estimation[C]//Proceedings of
the Thirty-First AAAI Conference on Artificial Intelligence,
February 4-9, 2017, San Francisco, California, USA.
Virigina: AAAT Press, 2017: 1495-1501.

Guo J, Zhu C A. Dynamic displacement measurement of
large-scale structures based on the Lucas-Kanade
template tracking algorithm[J]. Mechanical Systems and
Signal Processing, 2016, 66/67: 425-436.

Dong C Z, Celik O, Catbas F N, et al. Structural
displacement monitoring using deep learning-based full
field optical flow methods[J]. Structure and Infrastructure
Engineering, 2020, 16(1): 51-71.

Hoskere V, Park J W, Yoon H, et al. Vision-based
modal survey of civil infrastructure using unmanned aerial
vehicles[J]. Journal of Structural Engineering, 2019, 145
(7): 04019062.

Feng W W, Zhang S Q, Liu H B, et al. Unmanned
aerial vehicle-aided stereo camera calibration for outdoor
applications[J]. Optical Engineering, 2020, 59(1): 014110.
ISR, TSR . AT RCE BB A AR 2 D e R il [T
P 3h - MRk 52 W0, 2018, 38(1): 51-58, 205.

Qiu Z C, Wang X F. Vibration measurement and control
based on binocular vision[J]. Journal of Vibration,
Measurement &. Diagnosis, 2018, 38(1): 51-58, 205.
Long X H, Zhan W W, Gu X L.
displacement monitoring method of heavy load bridge
vision[C]/2020 1EEE
International Conference on Industrial Application of
Artificial Intelligence (IAAI), December 25-27, 2020,
Harbin, China. New York: IEEE Press, 2020: 432-437.
Liu Y, Ge Z D, Yuan Y T, et al. Study of the error

caused by camera movement for the stereo-vision system

Research on

structure based on stereo



F61EF1H/2024 F1 B/BAERBEFEHRHRE

(88]

[90]

[92]

[J]. Applied Sciences, 2021, 11(20): 9384.
Liu Y, Ge Z D, Yuan Y T, et al. Wing deformation

measurement using the stereo-vision methods in the

presence of camera movements[J]. Aerospace Science
and Technology, 2021, 119: 107161.

SRERGR , BREAS, W%, &5 . ST AR BLAL I Y I iR 25 15
ALK AM S I IET]. JesE 24, 2023, 43(21): 2112002.
Zhang Y Q, Chen M J, Hu B, et al. Transmission
mechanism and suppression methods of measurement
error based on camera networking[J]. Acta Optica Sinica,
2023, 43(21): 2112002.

Yu Q F, Jiang G W, Shang Y, et al. A displacement-
relay videometric method for surface subsidence surveillance
in unstable areas[J]. Science China Technological Sciences,
2015, 58(6): 1105-1111.

PRICHT, OB, SRIRGR , 4 . T2l EDSURTAL Y sl 7
BB IE TR ] a4, 2021, 41(23): 2315001.
Chen W J, Yin Y H, Zhang Y Q, et al. Pose correction
method for micro-motion stages based on dual-orthogonal-
cameralJ]. Acta Optica Sinica, 2021, 41(23): 2315001.
Luo L X, Feng M Q, Wu J P. A comprehensive
alleviation technique for optical-turbulence-induced errors
in vision-based displacement measurement[J]. Structural
Control and Health Monitoring, 2020, 27(3): e2496.

Luo L X, Feng M Q, Wu J P, et al. Modeling
and detection of heat haze in computer vision based
displacement measurement[J]. Measurement, 2021, 182:
109772.

Feng D M, Feng M Q. Vision-based multipoint
displacement measurement for structural health monitoring
[J]. Structural Control and Health Monitoring, 2016, 23
(5): 876-890.

Jeong J H, Jo H. Real-time generic target tracking for

(93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

0112001-14

structural displacement monitoring under environmental
uncertainties via deep learning[J]. Structural Control and
Health Monitoring, 2022, 29(3): €2902.

Cai E J, Zhang Y, Lu X Z, et al. A target-free video
structural motion estimation method based on multi-path
optimization[J]. Mechanical Systems and Signal Processing,
2023, 198: 110452.

Lee S, Kim H, Sim S H. Nontarget-based displacement
measurement using LIDAR and cameralJ]. Automation in
Construction, 2022, 142: 104493.

Shao Y D, Li L, Li J, et al. Target-free 3D tiny
structural vibration measurement based on deep learning
and motion magnification[J]. Journal of Sound and
Vibration, 2022, 538: 117244.

Yoon H, Shin J, Spencer B F. Structural displacement
measurement using an unmanned aerial system[J].
Computer-Aided Civil and Infrastructure Engineering,
2018, 33(3): 183-192.

Ribeiro D, Santos R, Cabral R,

structural displacement measurement using Unmanned

et al. Non-contact
Aerial Vehicles and video-based systems[J]. Mechanical
Systems and Signal Processing, 2021, 160: 107869.

Zhuge S, Xu X P, Zhong L J, et al. Noncontact
deflection measurement for bridge through a multi-UAVs
system[J]. Computer-Aided Civil
Engineering, 2022, 37(6): 746-761.
Xu Y, Zhang J. UAV-based bridge geometric shape
measurement using automatic bridge component detection

and Infrastructure

and distributed multi-view reconstruction[J]. Automation
in Construction, 2022, 140: 104376.

Yoneyama S, Ueda H. Bridge deflection measurement
using digital image correlation with camera movement
correction[J]. Materials Transactions, 2012, 53: 285-290.



	2　摄像测量系统
	3　摄像测量系统关键算法
	3.1　图像采集
	3.2　相机标定
	3.3　特征提取与跟踪
	3.4　变形计算

	3.4.1　单相机测量
	3.4.2　双相机三维测量
	3.4.3　相机网络测量
	4　摄像测量技术在结构健康监测领域的应用
	4.1　长期监测
	4.2　快速检测
	4.3　影响因素

	5　结束语

