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Abstract

Bridges serve as indispensable components of transportation infrastructure,
playing a pivotal role in driving national economic development and fostering social
progress. China has achieved remarkable milestones in bridge construction, witnessing
significant advancements in terms of quantity, scale, construction techniques, and
maintenance technology, thereby establishing itself as a global leader in this domain.
However, with the increasing traffic flow and persistent overloading, the long-term
effects have exacerbated bridge structural damage and performance degradation,
resulting in reduced load-bearing capacity and durability. Bridge collapse accidents
occur frequently, posing significant challenges to the safe operation of bridges during
their service life. Traditional bridge inspection methods based on manual labor and
contact sensors face challenges such as high operating costs, low efficiency, high risks,
and traffic disruption, making it difficult to meet the current massive inspection
demands, especially for small and medium-sized bridges distributed widely across
China. To achieve low-cost and lightweight inspection of small and medium-sized
bridges, this study focuses on deformation detection and conducts research on
structural dynamic displacement and displacement influence line measurement based
on machine vision technology. The main research contents are as follows:

(1) Based on the displacement drift law of unmanned aerial vehicle (UAV) during
hovering, a method for measuring dynamic displacement of structures based on
monocular UAV is proposed. This method first utilizes digital image correlation (DIC)
algorithm and background stationary point theory to eliminate displacement drift
within the plane of the UAV; then, it utilizes ArUco markers to extract an adaptive scale
factor to eliminate displacement drift outside the plane of the UAV; finally, it corrects
spatial geometric errors based on symmetric background stationary points to obtain the
absolute displacement of the structural target plane. The measurement accuracy of the
proposed method is validated through laboratory steel frame model experiments, and
the robustness of the proposed method under different measurement distances is tested.
Comparisons with laser displacement meters show that the proposed method has the
advantages of high accuracy and stability.

(2) Combining the practical requirements of bridge deformation detection, a
method for measuring dynamic displacement of structures based on UAV dual cameras
is proposed to overcome the limitations of monocular UAV field of view and the

decrease in accuracy when measuring bridge displacement at long distances. This
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method utilizes UAV equipped with coaxial dual cameras, where the telephoto camera
measures the displacement of the UAV relative to the measuring point and the wide-
angle camera measures the displacement of the UAV relative to background stationary
points. Finally, based on the calibration results of the dual cameras, the absolute
displacement of the structural measuring points is directly obtained by subtracting the
wide-angle camera results from the telephoto camera results. The measurement
accuracy of the proposed method is validated through outdoor steel frame model
experiments and field tests on actual bridges. Comparisons with fixed cameras show
that the proposed method can accurately measure structural dynamic displacement and
has promising engineering applications.

(3) Displacement influence line (IL) is an important indicator for evaluating the
structural condition of bridges. To achieve intelligent bridge detection without the need
for contact sensors, closed traffic, or WIM, this paper proposes a measurement method
for bridge ILs that integrated machine vision and the interval affine algorithm. This
method first employs machine vision to initially capture dynamic displacement
responses of bridge measurement points under various testing cases. Subsequently, a
vehicle axle load interval matrix is established based on the vehicle's factory
information, and IL interval under multiple testing cases is calculated using the interval
affine algorithm. Finally, a support vector machine (SVM) is utilized to identify the
actual bridge IL from the IL interval. The effectiveness of this method is demonstrated
through a real bridge test, where the performance is evaluated by controlling the load
and travel speed of the calibration vehicle to obtain displacement response data under
different testing conditions. The results indicate that this method can accurately
identify the real bridge IL from the IL interval, demonstrating its engineering

application value.

Key Words: Non-contact measurement; Bridge structure; Machine vision; Unmanned

aerial vehicle; Dynamic displacement; Displacement influence line
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Rl 45 A8 (67 F I B sk N AR S0 T 2 A s B 58 Canpii i . 4
ArUco #if4455 ) N TG N TR MIROE G misE: W B R hr S £ 2245
Fe) 2 T ) 0B PR AR RF AR (I SR G AR AR 55 D o AR S AT LA g5 A0 &5 R 4 1t B iy 1
DX, T AL b e AT R B AR, DLIK SRS W A R OR . A S B R
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B P AR R DR VE A TN B PR T, A A T DI B AR G R R DL L A
— ST PR A BILAE R S AL P S DR RS, 8 S A L PR A X A6 2 50 N R 45 R 3
SO s R R R A AR AL Ot il L A 0 A P T DR R TR L, U RS B e I RE A OR
IR 22 =R PRIERCIN 454 5 8 B A BT B0 I 0 U, 0 ZEIN IR0 N AR & 5
VU 2 1 R 38 IR DG RS A, 0 SIS R 0 D 78 06 R BE AT 2RO A .

2.3 BFEBEREERRE

R T DIC S5 M A B & i L A & 2.3 Frs. RIS % K%
FIER M +)x2M +) B RS HETX T, HAo sk A WK S RE LR L
PirsE, ERREMNEE ERESZS%E FXTHEXMERRMWERFXT, Ko
MAA S A, A'59@%?%(u0,v)ED%%%¥EE@4‘2$§9 SHTFXNIEE AR

(AX, Ay) AT 5 P AL RS A (U(AX, Ay), V(AX, Ay)) , FE REDNRET %
T XA 4e 7 BRI RIS B
(0] X
IA;I
| |
A(-“o»',l’o) l “0 »l
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é—‘}_‘t,"__ ________ _:__':____
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L%%?E 1 I v(Ax,Ay)
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B rIXT'
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23DIC BN EEREKRFE
2.3.1 FRERAHBBIERE
I 2.3 Bl 50, g5 & XA E TR B0 R B 228 . @ H ZE B

— B R T e B R T X AT, = R R R,
AX

1 0 u
W, (AX, Ay; po):|:0 i \J{Ay
1

A
W, (A, Ay; p,) = ot AX
h ,y,pl—vx v+l v 1y (2.2)

2.1)
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1 AX
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2 2 Ay
1

Rof, Woo Wo W, 20 BIAEREW . B —HEE M (A;(,Ay)i_%/?uf‘%%¥|:
OSSN (TR B - S T PR Y (TRY) LIPS O (VRN VRRATSRVS
= (U, Uy, Uy Uy Uy U VW,V Vi Vi V) s U VAR B 7 X AE X yﬁm:a@u

%&; U, uy\ Vs VARERH R TT AL B B G Uy U s Uy s Vs Vi
v,, AR AR BT 1) AL 78 1 B 3 4
T o BT LA IR S5 M NP R i2 3, ANEH T KRB &, fi
PG ZR:, RS MR T, fik. 370, &, %2 AL
ﬁ BEREAER, HEEKR: W8 R ERE R LU L LR TR 4 M AL I &
WA RN . R e A B ) SR TR, Rk X OCH X A 5, wAR
Iﬂtﬁﬁ—ﬁ)l TR A T X AT .

2.3.2 MEXEBAIEEF

oy BB REMAM KRR BT A T X525 T X Z R HRME, Eid
AN R B W E AL B AR N UL R AL B o AH QoK B 32 55 O HOAR 5% Bk B0 i 22
7 AR 2% bR B 1% %M S0 bR B b LR IA AR 2.2,
222 BERAMNEXEY
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f
H— L A% (NCO) Coce = Z 3 (% ¥)9(x Yy)
i=—M j=—M fg

o f i) _fm i" e m
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=M j=—M Af Ag

M M
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2 EEE3TE
516 8 2 F )7 Bl (NSSD) Con=> 3 {f(x%yﬂ_g(xia’yj)}
S 1S

EIHA RETTR (ZNSSD) Cpp= Y Z

i=—M j=-

2
X y) f g(Xilyj)_gm
Ag

R, Gy M g(x Ly, ) 2 Bl R R AT 5 X BRI EAE s fon AT g 20 501
REZIAT G T XKEFLEME; fous gus T~ T~ A Ag RIERW T
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fo (2M+12.__M,_Z_Mf(x'”
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__ 2.7)
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- (2.8)
Af:J_z 3 [ ry,)-
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FH 2% o i&ﬁ%%ﬁﬂﬁﬁ%ﬁ&&i, Lok FH R A DA v

(1) FiE M. IR 5 T AT 8 B (8 T 15 20 R O m . H AR
e ) U B R A DG R

(2) Ptk 7R B R W& 2 B T S R 5 T U Re dE i 15 2
[INIGESE S

(3) ArEEME. EFMAHRREN FX B A A& ARE, EASHIEZA
WAE T BUL L IL AL .

PR 3 AH 5 bR B0k FH N, B AT AR TR 4 M A B W AT 2 SR F A
KRB EE R ZNCC KA ZNSSD R B fl . W& 7R & it 2 39 A1 )3 — e b 3
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B HE A[-1,1], T ZNSSD pR i) BUE 6 [ 28 [0,4], ZNCC REFERIE LN
M, WA SCIESE ZNCC B EUE A 5% 8 5

233 EBRZNUBREREREX
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RGAERICE . (B2 iZ 7 kit Rk, WEAER, R& 7R R,

(2) FF AR FH O BAE L BEHLE — DTS o Oy, W KT R B A
A (FEED SEMER, REMXARBERT T SRR, GBI
AEEAE A, HPOBEILER, FEZSONTE R AR . T TR
AT, ZTIEMFEHERA, HPUEERE, 55 8 E A B B 2 A E
WEHLR, RER K.

(3) FL-HS U8 RIEAE R S8 R MR Bk 1T ok, %078 %4 ROL X
R B AL B — AR A R AL R E L AN KD KR AT A e 5
DLHE i H b5 s 1K S0y 1, 3535 DL UGBS SO 8 R 5, BL— AN K i Y
Ay B R, EEAHZFERARLEEPKAN =M EZN&RMRIILE S %5
VOB KRR TR, HEREENEE, BEOKEEBRNE ..

(4) =R R IR AR B T SR E WS, RAL
Kk 7 RfEilb Ko L RER N 9 pixel, B4, HHHKTEEN 4

20



Bl S A7 S

pixel, BB KRN 2 pixel, F =5 FHRCE R 1 pixel. @I IXFSKH F IR
Ly, BRIRE T B EERNCE,

S FE I B A 2 4 R B RS B RO, R SCHE B U R I R A B BN G R
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M g?) B4, W/NT ZNCC R ME B E, M5 &k 5 sk 1o,

234 TEBEIENBEREZ

TE AR TR R R I & rh, R 2 A0 R ) B T 1k B B ok,
HE—b B B, BB EREGR . ERFEGH S, HHNE
1% 257 1 48 20 80 vk 3 B4l T 0L A v 11020 AR B 97 £ (1031 A B s JE v 1040 14 A%
ﬁﬁmq%o

(1) BT A 7 1%V DV 48 R A5 B 1 AR 2= AT IR A, 4% )
] — 2L 5 0 0 B DL BT 1l T S T R AL R A E AR A A
ST . KR AR, R E AR TR 2 R .

® ® ®

Pl P2 P3

; BRI

@ @ @

o o o

E24 ZnZXESMAMELEREE

L& bR HOE JUE T A SR B B AR S . W AU S BR O X S
A& 0 IR 2 TAH T 40 S AT B /s e UL A AR . BL o ik 2 T T

ARG (B 2.4), BB RILE S ALPR A B (X +u, Y, +V) » i (u,v) AR K& —
Y7 B RAR R AR . BRI AR 8 MR R S, Jﬁﬁjj P@i=12...8.

P. P. v PAKAIERRC,. Cn ...n C,ATBLH 7T R E TR E 7
C(x,y)=a, +ax+ay+ax>+a,xy +a,y’ (2.10)
RNP~ By oo B miHyA bR K lid ZNCC sRBCR 13 I 25 AU O R EUE C,
Civ von Coo MITTULRIB /N —TRIER B ags a0 .oov &g F KT LA 24 K(2.11)
A(2.12) 3R Bl 480 AR AE = Ry
aC(x,y) (2.11)

=a, +2a,x+a,y=0
ox & +28, Y
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(%o, Yo) AH Yk BV AT 453 21 7 X {0 AR 2K AL H%

REEROR T R BN £ . A 0 R R A R T AT By
= IRALTT HEAE R A

2 A7 ARV AT =

RALTT G 5% .

AR 2R A2 e At S B

(x-Ly-1

(x-Ly)

A

(x—-1Ly+1) (x-
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® (x,y-1)

‘(x,y)

x,y+1)
‘(\’1
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'
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(x+1y)
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®

(
®
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(x+2,»)

(x+2,y+1)
@
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®

mE 2.5, 1

Bl 25 W= RIUFHEZETEE

5 5 UG C 1 AR 25 AL B AN P(X+U, Yy +V) , H K

(2.12)

auwj(zaias 88 2808 BBy ey 15 5 T KB IE A A

IR PEATARLIE « 12707 25 1) 3k A% Jir B e 3 4 {7 T 0D 8 W80 PR AR S I A 4
LKLy, SR JE FHE A R R BT S R AR R AL RS 1207k B T SRS R L
RBIUTHREE . X

EE -

MHE

KIEAEN f(X+U,y+V) o

Xﬁﬁﬂéﬁrﬁﬁiﬂﬁ‘ﬂ%@%JﬁT (%, y) I 16 NEAZ K S0 K B 347 B H 5,
B
f(x+u,y+v)=[A]*[B]*[C]

[A]=[S(u+1),S(u),S(u-1),5(u—2)]

W P B4 K P AR W] I

f(x

f(x,y-1)
f(x+1,y-1)
f(x+2,y-1)

[BI=

f(x-Ly) f

f(xy)

f(x+1y) f
f(x+2,y) f

(x-14,y+1
f(x,y+1)

(x+1,y+1)
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f(x+1L,y+2)
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1-2|x" +|x[,0<|x <1
S(x)=14-8x|+5|x" —|x,1<|x|<2
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(2.17)

P, S() NIEEZ R
T K FE A B V49 B B8 22 K FE 3 2 vk BN R 1), 5 SEbrAK S 27 A4
—EwZE, HZEtEEROR, N M™E, BOKEMEE —RARIH T &
AR BC T
(3) IRERREE S : 27k T BUE K E Mt R W R . 2 E LA
I 25 T B A ik A i e 1104
D) BGIRFEA AR RE - BBl 25 W 72 R AR AL AR T IsF, AR TR i Ja BUR 1 [A]
— R KA A KA A
2) WA IE B RE « BB 25 4 7= AR N Is B I, 225 1 IX N & R Iis 3 7
] A0 AL #2 AH |, I A4 32 B .
1B 1 25 16 5r 7% 11 I R K BEAE 20 0 O £ (x, y) FH g (X', y") > EH 25 AR B e AT 4
f(y)=9(X,y) = g(X+X, +AX, y + Y, +Ay) (2.18)
X, x My, 7 MR R EARRALFE ;. A Ay 73 3l KR WAR = ALFE .
#(2.18) %) Ax FI Ay AT — B 22 ) & T IF 48 & =1 By 70 245 2
g(X+ X, +AX, Y+ Yy +AY) = G(X+Xg, Y+ o) + 9,AX + g Ay (2.19)
b, g Mg, 70 R s AR 4 T5 R b A R R B

I8 % K B Horn. Barron Fll 5 2R ¥R 45 S5 5 T SR (1981, DL Barron 5517 A H1, H
LKk N

g(xy) _9(x-2y) 8g(x-1y) 8g(x+Lly) g(x+2y) (2.20)
ox 12 12 12 12
gy _9xy-2) 8g(xy-1) 8g(xy+l) g(xy+2) (2.21)
oy 12 12 12 12
PSRN R SR
OC(Ax, Ay) 0 (2.22)
OAX a
0C(Ax, Ay) 0 (2.23)
OAy

I (2.20) ~ (2.23) tEHBZEFXETAARLFE AXFT Ay A :

[Ax,Ay]= A"'B (2.24)
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Ao g‘j_lgx iz_ll,-z_;gxgy (2.25)
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i=1 j=1 i=1 j=1
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IR PERR EIR B A R 58 3, B9k o) TSk B, (B AL R B RO IN 2 1 B &
PRI R 22 2 B AX R Ay I 3G R T 3G 0K . BEAR A F va B 2 ) J O AT Aok /N i 22
BRI S, R SRER, WR& AT N .

(4) EARE: A Wid o AR VE (FA-NR) A a1 40 & 1 i i 4 BBk (IC-
GN) &7 BB A R )iz B I AR Rk % . Hirp IC-GN 52 /£ FA-NR
AR BRI R, B R T RUGETH Hessian JEFEMITHR, dR & 7 AR
A, MOASCRA IC-GN Bk # T AR R i H .

IC-GN B35 IR RS JEE AT RCR AR KRS B R ik AAHIME I HE B I . M2 50 IC-
GN FIEDVREBZbr NWIME, ARG, 7T A8 2 18 B A 1 0 B ik A
AMCEL, WA SO HE T PR 2H R A AR G B B 0T, SR A e E WA Y IC-GN B
BEAT AR R AL I &

ZITEAEE ] ZNCC AR R BRI S 25 7 X B AR K A AR ), a0 ik - Hs
MR FIR T H W AR R IR B AR E OV R 28 IC-GN FIE R IAARHIME . BARME 2 -
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A BEAT I ORAE R, T DL e AR B AR AR

W ERITEICE W AR BB YME AU v, 30l HR(Q2.27)F(2.28) ik 2%
T DXL B AR A A0 B 2 bR KON B R IR G B 3 it o A

1+u, U, u | Ax (2.27)
W(&, p)=|v, 1+v, Vv || Ay
0 0 1)1
1+Au, Au,  Au)(Ax (2.28)
W (&, Ap) =| Av, 1+Av, Av {Ay}
0 0 1 1

Xt p AEREE, p=(uuwuy,v,ven)'s Ap NERBIEE, Ap=(Au,Aux,Auy,Av,Avy,
Avy)To JUIJE T 41 A5 T ) ZNSSD bR B e ik Xt T
Mo M f +W (&, A —fm +W (&, ' 2.29
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A, =Gy, TR TR &R (=(AxAp, )RR T X R AL . #55K(2.29)
—Hr RS, S/ T IRIORA R ME

Ap=H" Z Z{[Vf(l// 5)—] [—9[(t// W(e, p)]——ggm—[f(y/+cf)—fm]} (2.30)

i=—M j=-

K, oW op TS W e H  Hossian M6, 05 HCE FE, LF K,
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BAPRAR(2.32), EHEHMBRTFXELE, EE LREMR, 2 ApiH 2k
P, B AT 3R BSOS B AR R AL FE

W(E,p) «W (&, p)oW™(&,Ap) (2.32)
R T RO EOR T . SE00 B R R AN IR0 BAE ,  ELA R R
BE RS GE M, 7E R 45K Bl A 0 B I AT B A T R T S 0071,
2.4 MENIRERZE

BT iR 7RG RE RS2 02 -G AL R TR RN, ALK
ISt AR S PR AL RS, I8 7 EXT AL AT b e . W AR B TR EE K
AL bR 2 v (1081 B 1 A e o v TROOTRT R [R] - v L1012
2.4.1 —RXHEVEREE

FABLAR € 5 2SR AU LI A Sh 2 R e A2 28 550 1B 2.6 A BLSR B AT FLA A,
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X|[ho7 el b e Ll (2.33)
sfy[=|0 f, c || Iy %tzz
1 0 0 1 r, It 1
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JOE R T2 02 — PP BE T AL B A LA 8 73, % 7 IR AR O A B K RS I )
15 UG T T B R R K A E A R e e R 7. ER R MBI EH,
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b, W X P B HE R s Wy W, O X EAR E FE R SRR I 2 0 ar 2 512 11
S5 1 B 3 S R R
(3) SRR 5 ) 2% [X i) i) B L
A X, =Wy W, X, =W, W, A'=(1+Xg + X,8,)™", X AR —Fr 4l = & T,
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