$ 43 %5 & 21 H/2023 F£ 11 B/HEZFR

kIR

T R AL 90 1 T 6 12 1 s AL B 00l 5 7
THE REAY, AR, BXHY, BARY, FREY, K EHY

"RIIN I A R E MR B, T4 WRII 518000;
RIS F Y S S TR B, A& WY1 518000

TAE 0 I A el BRI B R AN R W AR 55 2 BT B B TE A I LRSS R TE A T, T AR AL ZH
114 (57 8% 1% 326 ) 42t 2 A A0 T B, (EL W 2 AR LI oty 50 PR I, R i 2 B R AL A TR R 2 R BOMPL I 25 iR 2216 18 5 R
A, AT A2 23 00 4k Dy R ) 5 285 B8 6, ey A 25 400 <8 K AL I 45 15 2 3R BRANONT 2 12 7 TR Y DG ) 2 — o DIt AR
Xof AR HILZEL P00 00 4k 5 22 A% 8 HLIR AT 1 2R G0 A7 , I B 1 — ol ke 7 5% 22 R HOH) (50 B A% 308 ) i 5 22 400 ) vk e 2R 22 R
AT LK P 46 0 5% 2 AR VR AT ARAE o AR BT R Y BRI A R 00 S T A ) s A A AT AL s, T AR R AR BIL I i b 3
b s, IS AT REAE AR BLI it ) 22 70 BEAR kR, DAOG A AE LI 26 #7048 v 0 S B2, O 78 R Bt BE AR 1 X 5 22 300 ) Oy
LIEAT T LA UE . S5 AR W] 3 i 00 Ak 0 £ K T, RATL ) 45 1) A% 366 15 2 e v T AR 79. 19 % o A5 AT A AR AL AL

A 7 2 B TR A 1) 2 A AR 5 R A ik e ) IO TR A A 2 ) SRR 22 0 ) A e 45 LA T B
KR HPLAM; ZeRaity; AN, MRk, WRI1L

RESES TP391 XHt RS A

1 5 5

AT AE R, I A e [ ik ik B2 2 8 1) R RS i, A
VAN S NS N R S VA D TR I w7
RMURE A B 25 4h 2 2 U AR T R T H A, (H H 45
14 2 4x 5 3 8 YL 2 S B TR R ELOR PR, DA I
TT Ji &5 4t i JE W - o3 B, HG v 67 % 2 45 A At B AR
A EHAR I B U AL AR T AR
fiuh 332 7% W A5k 7 vk B AR B DR B 5y T S AR AR
wi o ARAE S E A D BRI IR 2R L e S T A A I A
R T, 0X 6070k B 2R B B8 SO SRR
REWE R AR | Al AR A A 2 fh 30 8 D7 YR 7E T
FEH Tz 0 AH AR T ™ M RS B 65 Rl
WG 235 ) M 0 e 0 O, P 5 B A
AR Al 2 T R AR A I 5% 25 2 I e AR I

Bl THRHLILBE B AR B k20 3 T T B PLAL o Y
57 RS 8 Ty 3 DR G AR 2 ik | G R A R SRR AR S W
J T N, R SRR AR A B T LR SR S B
¥ (4 % Bl , 45 G 0 DA a2 fE (SURF) 4 Ak A4S 1 J7
¥ 55 RO B DT TE 505 68 4l 4 ) A4 A0 R A At e A B
TR R R85 S R D0 N SE B 1 XA R 2 B W I . wh AR
KAER TR SE S T PSS G L R B APLR

DOI: 10.3788/A0S230784

SIS I8 I D S g XV e b 2
75125 o R AIL 23 B AR LA R i e 6 i 7 " 2 AT R )
i TEDR S 5 HOE LA T R SR B 2% 0 R S B T xR
AR RO R W . AR RE AL T N HILAE B AR
BB A B L T4 5 1 W8 R 80 52 2% B 5 1 L 1k
(AT R BE AT R0 M D B F A8 28 S8 DI b 7 1) 132 7% M1 48
O Tl 5% Sy SR SRR E AR B A R B o O DR A R
W, BIF 52 N DK RS O B P e Z AL E R B
PR 4532 P AR R A T % 22 REATL 2R 96 1) A X 4o 8 3k
SR Aifh , ARG R A A5 A R IO () B 5 S e, DA
TR A AH o 38 285 SR i A BE B IR 2 0. 05°. Dine 51z H]
Mirage AHHLALEAG 7107 5 4 B 2 25 AR HLE 250k fr /)
e 2D BRI AR SUBCR B A RIS DL T S 1A
SRR B R IE . DEAL L OE R ST A TR R R i e L BT
RGR N —MA R GeF R EHRERS
5 PLAS L AR 25 5 B [R5 1A R Y YOLO-v3 %5 7
MR R 2% T7 1%, O et 4 1 S8 3 A I (TLMD 42
AR Tl R R P B R M R Y R I 4R e TR Y
TR . AR, bR T ik R o B T R NG ik
A HE B T T IR R (ELATS A A D TR S ] oy
R A7 B0 — AR B SZ BUAT R 1 FR A, D0 B B
a0 75 3 B K, P s ] 43 B R BRI A

i BHEA: 2023-04-06; 1&E BHHA: 2023-05-11; FABHI: 2023-06-05; MEEHELZBH: 2023-06-28
B = K B & TR (2019YFC1511102) | B R H 4R Bl 2% 3 45 (52208399, 12002215) | H [ 1 + )5 Bl 2% 3 4

(2022T150437)
#{E1E¥& . bhu@szu.edu.cn

2112002-1


https://dx.doi.org/10.3788/AOS230784
mailto:E-mail:bhu@szu.edu.cn
mailto:E-mail:bhu@szu.edu.cn

43 3% % 21 #1/2023 &£ 11 B/HFHE

15 K EL 2 TR G R B R BY S5 4 b 5 IDRG B xf
DR DIt N o B W [ T A o 4 5 e N
457 7% 1 3 ER IR AR LI 28 07 3 3 i e R I 4 h s e 2
FABLZR Ge 0 I & ) 2, ] LUK R RUBE 45 44 # 3l 2508 728
T2 R R A S A R I A (TR A
1B BN WA, 22 0 4 0 SR AR R 22 3 i 7 vk k2K, R0 4%
Ay R 0 K RE B4 52 0 3 A R AT A 25 4 7] AR
HLI 45 5% 2 B2 AR | i o 0 5 R 8 32 7 3k T i
F8 T 250 1)

X I, AR SCAE I AT 5 AT BA T i 1 4 457 % 1 3 3 B
FEAIL D0 2% 5 32 (i S ity 1, 6F T AR AL AL I 19 07 6 1%

iR 25 BAHLIE S0 Oy ik AT TR . e B
W43 BT v IR AL 8 A% 388 ) o5 oK A 2% 18, AR 5 38 i B0 B
FLAE G AR AL I 1) 50 % A2 36 1% 25 B FRARON |, 43 B 47 1l
N e

A5 L R X AR AL R0 3 B AL 1

after
deformation

BRI I , 7E EHE Al b 4R T TR 25 AR R AR BIL IR 4%

Fa AR AL 15 3 7 2 AP il 00 158 2% |, B e Al o B 37 5K
6 56 UE BT $E H A AR B 2L 0 A7 A% A% 3 15 2 100 ) s Y ]
TPk

2 iR AL s H3 AR AL I 2%

2.1 ERFEE

BT X HF 92 I B % T A5 LR 25 R R, AR A BA 3R
TS A A 2 R I AF AL X 2 ) £ A8E X (LR T AR A AL
287 ) AT AE LIS B AN B e 1 45 1R T S B4 A 4
WRE T 2 5500048 @ B SC i) s 500 i o %A BIL ) 4%
TE H IR DN R 25 A A B O ) A 22 A Rk AR AL
il 00k TR B A s s 3 2, HE b XSk AR AL 3
WA~ AR BIL 3, DRI EL A 5 A% RIS f— BobE 2 5 o
() () s 2 A FH 1 S (Bl e ) 000 sl ] A K R

before d}f} -
deformation ]|
€D camera @ mark
K1 fifsfet

ER IR AR L 150 245 i 2L ]

Fig. 1 Schematic diagram of serial camera network based on displacement transmission
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Angle of inclination 0 5
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Fig. 3 Numerical simulation procedure of camera network
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Fig. 12 Relationship between transmission error and error coefficient of camera network. (a) Influence of benchmark position;

(b) influence of survey mark position

LI 285 A 38 1 2617 O 1) SRS AL A
miny(d), d€D,., (18)

K, DB B )i d A5 B T, T AR A W 2R
BT R GE M S LR R LR A o EF XA
AR AL ot 25 i, DA 25 R Ay WAk AL B Aw R A &
%2

w TR) B B S B AT /0y DA D AR 40 X AT AL
W 2% BEAT & BB, B i A O PR X R 25 O B R
HE AT S0 ) iR 22 0 R 2 BE— B A T 3 AR AL
Dty 5 AR AL 3G 7 AR BIL I 3k AH AL R 2% A S o3 T

4

AN [7) 50w RE AL ol 49 AR ATL I 45 I A % L

Table 2 Comparison of camera network optimization with different camera stations

Network ) 3 camera stations 5 camera stations 7 camera stations

configuration Instruction o/mm A/% o/mm A/% o/mm A/%
0 2 uniformly-spaced survey marks between camera stations 2.88 0 5.72 0 9.15 0
1 Set cameras at benchmark on both sides 0.95 67.02 5.10 10.85 8.79 3.93
2 5 uniformly-spaced survey marks between camera stations 1.59  44.80 2.87 49.79 4.46 51.22
3 Set survey marks on camera stations 1.01  64.87 1.79 68.77 2.78  69.66
4 Configurations 1+ 3 0.66 76.91 1.63 71.57 2.62  71.33
5 Configurations 2+ 3 1.02  64.40 1.72 70.01 2.57  71.95
6 Configurations 1+2-+3 0.59 79.44 1.48 74.08 2.40 73.83

Notes: ¢ is maximum value of all survey mark displacement transmission error and A is percentage of error optimization.
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Table 3 Parameters of experimental camera

Resolution /pixel Frame rate /(frame-s ') Sensor Pixel size /pm Focal length /mm
2448X2048 36 2/3", Sony IMX264 3.45X3.45 400
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|
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Fig. 13 Validation experiment of camera network on long-span cable-stayed bridge
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Table 4 Bridge monitoring results of different error suppression methods
Configuration Instruction o /mm
1 Set marks on benchmarks; 2 marks between stations 10. 14
2 Set marks on benchmarks; 3 marks between stations 9.41
3 Set cameras on benchmarks; 2 marks between stations 3.13
4 Set cameras on benchmarks; 3 marks between stations 2.58
_ Set cameras on benchmarks; 2 marks between stations; 3 07
5 .
set marks on stations
6 Set cameras on benchmarks; 3 marks between stations; 2 11

set marks on stations
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Fig. 14 Monitoring results of cable-stayed bridge camera network with different network configurations (C1-C6 represent network

configurations 1-6 respectively in Table 4)
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Transmission Mechanism and Suppression Methods of Measurement Error
Based on Camera Networking
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Institute of Intelligent Optical Measurement and Detection, Shenzhen University, Shenzhen 518000, Guangdong,
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Abstract

Objective  With the rapid development of construction and operation scale of infrastructure such as bridges and tunnels,
structural safety is becoming increasingly important. Structural health monitoring is a vital issue in structural safety,
operation, and maintenance. Displacement monitoring is one of the most fundamental and routine tasks in structural health
monitoring. Among various displacement measurement methods, the contact displacement measurement method is
conceptually straightforward to implement. However, it requires specific environmental conditions for accurate
measurements. The non-contact displacement measurement methods (e. g., level gauges and total stations) have
widespread applications in engineering. However, they cannot satisfy the measurement requirement of long-span
structures due to the large-scale range and high accuracy requirements. For deformation monitoring of long linear
structures like bridges and tunnels, the displacement-relay series camera network method has been proven to be effective.
With the increasing number of camera stations, the accumulated error can be caused due to uncertain factors such as feature
extraction errors and model simplifications. It is a challenge to reduce the accumulated error of the camera network.
Hence, this study aims to suppress the accumulated error effect, consequently enhancing the measurement accuracy of the

camera network.

Methods We first conduct the theoretical analysis to demonstrate the solution conditions for the displacement-relay series
camera network method. Before the simulation study, the basic network configuration is defined. Then, the accumulated
error effect of the camera network is investigated through numerical simulations. According to the simulation results, we
propose a method based on error coefficients to reduce the accumulated error of the camera network. The error coefficient
consists of the condition number of the measurement matrix and the station number of the network. Finally, we provide a
direct characterization of network measurement errors to enable the investigation of cumulative effects resulting from
displacement transmission errors in the camera network. The influence of benchmarks and survey marks’ positions, and
their numbers on the measurement accuracy of the displacement-relay camera network is thoroughly analyzed. Based on
the analysis results, the camera network configuration is optimized, and an optimal distribution pattern for camera stations

and mark points is advised. Finally, the feasibility of the proposed method is verified by field experiments.

Results and Discussions We initially discuss the fundamental principle of displacement-relay series camera network and
the necessity of benchmarks through the derivation of Eqs. (5)-(10), which also paves the way for extending the theoretical
model to a complex camera network. In Section 3. 1, the accumulated error effect of the camera network is investigated by
integrating the theoretical foundation and formula derivation from Section 2. Subsequently, a detailed discussion of the
error transmission effect and error suppression method is carried out through numerical simulations for the basic
configuration of the series camera network. Next, the influence of network composition parameters on the transmission
error is investigated (Figs. 5 and 6). The transmission errors for the distribution positions of all benchmarks and survey
marks are studied (Figs. 7 and 10). A theoretical model that reflects the transmission error of the camera network is
proposed by introducing the error coefficient as an evaluation index and leveraging the highly linear correlation between the
measurement error and the error coefficient [Eq. (18)]. Finally, the proposed error reduction method is verified by the

observation data obtained from a long-span cable-stayed bridge.

Conclusions We focus on the mechanism and suppression methods of transmission error in the displacement-relay series
camera networks. The results show that the displacement transmission link of dual-head cameras requires at least two
benchmarks. There is a positive correlation among the number of camera stations, settlement amplitude, pitch angle
variation, and network transmission error, while there is a negative correlation between the number of measurement marks
and network transmission error. The proposed design method of camera network error suppression based on error

coefficient can guide network configuration optimization. The measurement error of the camera network is highly

2112002-12
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correlated with the defined error coefficient, and the smaller error coefficient leads to a smaller measurement error. The
camera stations should be placed at benchmarks to suppress accumulated errors. Replacing the mark points at the
benchmarks with camera stations shows that the error suppression effect can reach over 60%, but the error suppression
effect will weaken as the number of camera stations increases. The actual bridge verification results indicate that the
measurement error is suppressed by 69.13%. The mark points are advised to be placed at camera stations to suppress
accumulated errors. The simulation results show that this suppression method can optimize the transmission error of the
basic configuration network from 2.88 to 1.01 mm. The actual bridge verification results show that the camera error is

suppressed from 10. 14 to 3. 07 mm.

Key words camera networking; linear structure; deformation monitoring; displacement transmission error; configuration

optimization
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