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A Study on Atmospheric Turbulence-Induced Errors in Vision Sensor based
Structural Displacement Measurement

Junho Gong"*

Abstract: This study proposes a multi-scale template matching technique with image pyramids (TMI) to measure structural dynamic displacement
using a vision sensor under atmospheric turbulence conditions and evaluates its displacement measurement performance. To evaluate displacement
measurement performance according to distance, the three-story shear structure was designed, and an FHD camera was prepared to measure structural
response. The initial measurement distance was set at 10m, and increased with an increment of 10m up to 40m. The atmospheric disturbance was
generated using a heating plate under indoor illuminance condition, and the image was distorted by the optical turbulence. Through preliminary
experiments, the feasibility of displacement measurement of the feature point-based displacement measurement method and the proposed method
during atmospheric disturbances were compared and verified, and the verification results showed a low measurement error rate of the proposed method.
As a result of evaluating displacement measurement performance in an atmospheric disturbance environment, there was no significant difference in
displacement measurement performance for TMI using an artificial target depending on the presence or absence of atmospheric disturbance. However,
when natural targets were used, RMSE increased significantly at shooting distances of 20 m or more, showing the operating limitations of the proposed
technique. This indicates that the resolution of the natural target decreases as the shooting distance increases, and image distortion due to atmospheric
disturbance causes errors in template image estimation, resulting in a high displacement measurement error.

Keywords: Atmospheric turbulence, Displacement measurement, Vision sensor, Template matching technique

1. 2 olFZ HEA MM E B2 £ Lalled AS =
£ RISk AR, AlA A= s R ol Al
B A=l M A7 A0 e she o BN o] Ya Bobd s g o] AlA7E Fesivhe B

o, FZE2| FHF e Faste] FREX H-/] By w17} o] $JTHLee and Shinozuka, 2006; Feng et al., 2015; Yoon et
Wk ofy g} AR Aetel] E =8 7]&0]| L UTHASCE, al., 2016; Xu and Brownjohn, 2018). {59 &3 1.9135}7)
2021; ICE, 2014). 1380, v1F 2] AA(GPS, &l o] A M)A, LiDAR, #l°]H %)

ZE AR RUE RS S8 o784 H9E =4 £ &83 A7 AP AT AN GPS 9] B2 Al S 23l
?‘5]"34 SAE AL E 8ot T2 mralA, AR W s, A AR Qb FAl 2 #lolH] WAL S| 72XV E e
31 2 445 =3 o] 7153l tK Spencer et al., 2019; Celik, 3 A& B ol FETHKohut et al., 2013; Lee et al., 2014).

2018; Kim et al., 2013; Cha, 2017; Feng and Feng, 2015;
Poozesh etal., 2017). 7552 M Z74-& 218l A2 414
& & £ LVDTs (Linear Variable Differential Transformers),
7HEEA, glolA HA 5= &8st ASs, o1& A=
gt Ad F 2= 134 ZUE| Pl A-85 1 T

T4 o] mlAAIA B Be} 7| & R 218 HlBAIA

= 283l 9402 gL BAIH] TR MAE AS
St Wetko] ghokshA] AltE AT BIANAE 283 HY
AZe] Pl ow| A F2Eo] A Ty weleh A 7=
=2 28] Wt AIS A = et WA= o] F X THKim et
al., 2013; Feng and Feng, 2015; Yoon et al., 2016). B] 21414 2]
Ao 2 1) HHE A AR 2) HHE RDE =4, 3) B=F
AZo] Qo] 7120 A5 MM BAHL AT & Ak
(Xu and Brownjohn, 2018). 3} 9 @ H]AAA & 283
W9 AZe] EAFOR 1) AFEM 2 A, 2) Scaling

1489, A=A & AT vl EAA AT ER v AT w A}

*Corresponding author: jhgong@kict.re.kr

Department of Future & Smart Construction Research, Korea Institute of Civil

Engineering and Building Technology, Goyang-si, 10223, Korea

B =R U3t £ 52024'd 7€ 31 971X 818 2 HUlFAIH 2024\ 89
5o E2ZAE AABHEUTH

Copyright © 2024 by The Korea Institute for Structural Maintenance and Inspection. This is an Open Access article distributed under the terms of the Creative Commons Attribution
Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)which permits unrestricted non-commercial use, distribution, and reproduction in any medium,
provided the original work is properly cited.

1



factorol] W} M55 HY AlS E3lF, 3) AlA H 2
(Z=HE] 7193 B)dl T AlS A5 M= vl AlA
Hoke] SEafof & =xAAZ Folglth(Feng and Feng,
2015; Luo et al., 2020).

HIZALA o] AlS A Aote] 8 734 RIS E 7]
LTS gl Fg & vhol AR X Hol| A BALE S
A 3FH FHIF77L7HEEEA B R/ 5=
o olm) A vt mEeglh 7| & Yol T3S vl = T4
o] RIS Liu et al., 2016). ©] =A% Ho] o|uz| A&
B3l NFE o|mAE At M AlSFe] de= AsHA
ZITHLuo et al., 2020).

Z%5 374 Wigle) i vHdAlA AlS sl Ad AF=
k3] o] Foj AL Yo} thr| ek S5l Ak A=
uu gk dEfolH, o 3] GAZ FolIthLuo et al., 2020;
Liuetal., 2016). WehA], & =F-2 t)7| | @A v E &
|3 F2E] T3 HE ASste 7S At At
H 7S E83te 134 di7|es 2ol A xshxlsol
7R 35 AT FE2E U AS AHLEE ZF A ot
g} A5t AAIRE 7 o] AlS e Tetstith

2. TE|AFAHZ BSH 0% J1E

HIAA 7 FrEe] WY ASE AAsiAE scaling
factorg &-83to] o|u| A T2 HHE A HeFe=
H gkl of 5, T 7] 2l 230l A 9] ASS flal gd

AANH 8 AT FaelFo] Pastek

2.1 H|&MIA{2S| scaling factor

Scaling factor+= A =221 =719} o|m] =] /¢e] 24l o
219] dHBAZ THET 4 JtiBadali et al., 2005). Fig. 1
A&7 etel A S| A7} o)) A A ol Fod )= o) =
2ot} mA T YERY Q15%0], scaling factor= I ARA| 2}
oju| A MM Hol Fet=3t 22191 7St 4 (1) o] &
d 7hs st

object surface lens image sensor

@object

************************************* - ——IE---- optical axis

I
I
D 1
\

object plane pinhole plane image plane

Fig. 1 Scaling factor for pinhole camera

2 SRR EETICHSXIA2|IFEE =2 F H283 X 3%(2024. 6)

d
S =

object D .
} : dpi,fl;el = 7(11)[,11;5,1 [T?’L?’TL/])Z.’L‘G” (1)

o]7]A, S+ scaling factor®l L, d,,.., & d,,,, = A7 A
9] Z7] 9 o] A Al A o] A ALl Z(mm/pixel)©IH, 7, D
[ A7 @z} o|u| x| AA &] A, Tk e} dll=o] A
(FIA) S} A= 23dA otk ZFA 7 Hol Rl ol wh
£} ¢} = 2ARRE 3hE 7HA 7] W] Az o] 2 AR A
ksl scaling factors A4 <+ UTHBadali et al., 2005;
Hijazi et al., 2011).

2.2 HE[AF| HIEZS! ofEl 7[#(TMI: Template Matching
with Image Pyramids)

b
2 dareg|Fo] AHSETE AR dag|Eo g HEs] 1)
Z(template matching) 71 3} £ F(feature point) 52 7|
© 2 W] Al Al 2" o] 7= 31 ThH(Feng and Feng, 2015;
Kim et al., 2013; Yoon et al., 2016).

2] w7 3 FAd(elmA] 3R] A "HIEEH Y
B AT 7V =& RIS BAsk 9% 1He] WEE
Aikste] M91E SAH= W olth A3 ATtellA= 7l
iRl 7E 73k Q1 v B FERE| EAsks 4 TERE(E
Bl o |, Eg 2 2RI E 5) & 3 FFoE d8slo Fx2E
O WA E ASSIA T o] MiA 72 HEH o E H2 WY
SRS EE FHSHA|NE G ¥ Wstel vizkshe 11
34 ou| A& S8 uf FALE A4t Algte] S7sHE B
o] )tKFeng and Feng, 2015; Fukuda et al., 2010).

EAR F4 7MW AlS dagls2 1) 27 Y
1% S(ROL: Region of Interest) ] 5H-& F=3131, 2) tha
gl 27 F2=9 5T -FARF S5 th 3 KLT tracker
2] (Lucas and Kanade, 1981; Tomasi and Kanade, 1991)
< g3t T35, 3) 57 2] o] & HE| 9} scaling factor S
g3t FRE2| M HE 43 Shi-Tomasi Corner (Shi
and Tomasi, 1994), SIFT:Scale-Inveriant-Feature Transform
(Lowe, 2004), SURF:Speeded Up Robust Feature (Bay et al.,
2006), KAZE (Alcantarilla et al., 2012) 5 T}3 EA X A%
g 7|7 darglge] Ao, 3 A S22 Qs
a8} ofm]R|of A-ggk 4= UAITE t)7| 2o g 7]QIg) o]
H| 2] e 23l FHokg Tdo] Qlth

7)) ek 2ol A 113kA o] v A& &85 HeE S5t
7] $18l| Alsaade(2012) % MacLean and Tsotsos(2000) ©l]A4]
ARFzE 71 & E-8-3t Fig. 29} #2o] HE| =AY ®EE w)
A 7S Ajksit) dae]Ee] A GAR 2] ojn| A=
E] =AY ol R|(o]m]A] Hetn| 5) A B oS 913 8|7

of o

o 1



Step 1: Build image pyramid and
registration of template images

Level 2
Y4 resolution

Level 0
original image

Step 2: Rough search

Coarse template image

% 5)

Coarse source image
Fa(%.5)

Normalised Cross Correlation
Ro(u, v)

Search maximum correlation

Pixel-wise location
(x_coarse, y._coarse)

Step 3: Multiple fine searches

Fine template image
Ti(x ), To(x. y)

New ROI of source
image Fi(x ), Fo(%.y)

Normalised Cross Correlation
Ri(u, v), Ro(u, v)

Search maximum correlation
peaks

Pixel-wise local coordinates
(x finel, y. finel), (x.fine0, y. fine0)

Fig. 2 Flowchart of multi-scale template matching algorithm
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Fig. 5 Test configuration comparison at measurement distance of 10m
(a) Test set up in normal illuminance (450lux), (b) Test set up with
optical turbulence
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Fig. 7 Disp. measurements of LVDT and TMI using artificial target. (a)
Measurement dist. 10m, (b) Measurement dist. 40m
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a o B ATE g7 20004 HIAAANE E83le] F2E9 54 W9 SAE 95t =AY HEH WA 7Y (TML:
Template Matching with Image pyramids)2 #|2+8Fa A QE7|HH 2] WS =74 01—5‘% ZAsE7] 918 J = A HY AT w2 He A A
TS WY A8l 35 AT FERES AAISHE 2, FHD(1920x1080) 5 7HH| ks =1lste] ¥ 9] Al AHg-shodth = 9 AEE 10m
244593, 10mA oA WA A 40m7HA] B9 4 AP S FsHTh AW 25 20(450lux) oA EE 71 T7E E-83te] ti7| 9w
< WA H o, 7@ o= o|u| X & HFAIATE AR H S T3l o7 T 54A 78S 4 P AR IH S W9 4 B
A& v AFEg o, AF A AR IH e e 54 A2 &S el ti7)9 S B4 WY 54 457 2, AT EHS 28
g TMIE= 7] & & 7ol whet M) S sl 2 &tol7t ASith sARE Ak BFAl& E-8-5131-& o, 20m ©]/d2] #8784l RMSEZt
A s3] AP 8 SIS BAF T o= YA SV whet A BRAle] s =rt A sk, o7 L@ 2 1 oW x| o=
o] §1&5] o]u|A] Aol {77 A ol MY S LA EA| HAYSHE A S e

480t : T7)olgh Wl 24, HIRAA, WS vjF 7]

J. Korea Inst. Struct. Maint. Insp. 9





