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Fig.1 Flowchart of multi-displacement measurement with

smartphone

PATR 730 % = 2R 38 7 iv 2 A 07 16 AR A A
JETTVRAN A

2 BEFUIHBEINRESBEGRRE

A SR R e T LIRS WA A 4 1 7%, 2 46 I
R ARPL R TR KRG, R 2 R
RSk AR JR B Sk 2 5 ABCR 42 1) R YD 1) A
PRI, SRy 7 2 g 722 77 A ) 7 R 22, AR A X A L
HATERE IR BIAHPLI A SRR s R4, T
T o S ) W 78 A TR R T 1 0 1 IR e 4 [
GAL e BN G5 F L A% I HERR A i C &

AHHL AR BT JE T 19 /N AL B AR Y, SR T 4
W =dEss B BAR AR (X, Y, Z) 5 APLRUER P b
R g i (w, v ) Z ARG SR RN

sla y 1]1=[X YAZI]B} (1)

lu v 1]=[x y 1]K (2)
A (XY, Z), (2, y) B (u,v) 50 B F s i 7E
B bR 2 FHAIL AL AR R RN ERAR R AL bR & ook I A
Br o s R4 R 5 S 2 8O R A ¢ 43 5] 3RO i
el O R R B AU AT AR AL A AT B A OG5 R
ZHRUE R K 5 AL & R ORHR OC, 3RoRA
£ 0 0
0 f 0 (3)

u, vy 1

K:

A LR o BEARAR R A bR R o Fy Bl B
Lo 51 P55 0 S A A Bl AR 2 8805 wo BT oo R A
AEBR o

(1) 2 AR T AR AR O R i PR - AHAL
Bi Sk o AR D) ) AR S O BL AR K E DR
B, TSR AT Al 2w AR A5 AR A 3

X, T
{}—u+@ﬁ+@#+@ﬁ{ }+
Ve Na

2P\ xaya Tt po (' 4 22%)

Lpﬂdyd +p(rt 4 23/3)}
Kb (2o y) F (g, yo) 730 9 R H bR sC7E A AL AR BR
F I FHLREL VR it A B N S B e AR AR AR AE ; &L &,
fes SRy A58 [0 W 728 2B py W po YT ) W A8 A r R
At

(4)

rP=a,+ y; (5)
AAALAR 2 (0 B A JEUER B2 AR 48 30 H AR 50
HERR AL AR (X, Y, Z)GE Bt Z = 0) FUH R A
JR W AR AR R AR KR (g, v,) , A1), (2)F1(4),
PN A5 20 AH B P9 A0S 808 BE AR ) ALY 1) i AR R
B ORI T A AR SR i A R 2
/NN IS EORIRG S S8 1% 26 08 LR =4k
] B AR s A B0 BBUR R e bn 5 S PR KRR &R
Ap R 22 ] Y 25087 5 Fil o
FLORERAE I A SCR F ik OE A 05 v 64T A AL
P, FLrf Z0 W ke 5200, {28 11 D7 B D) o 28 B
SR (SOR Tyrek /BN 1 DN N i = DA A R A 14
b W, S AR E IR R P, i 2658 ok AN R B i BR R
(A4 2 25 0 BT, 3R A% i Tl iphone7 J& & #8143k
(14 PN 05 2 H0ORT I A% 22 B0 e Sk s SR fn 5% 1 2 s o
(&1 2 DL B A2 1) W A8 2 800k ), s BT R A R )
A 0 o4 2 B T P B B AR AR O o H TR
JIT 7R 25 J 0] L AR S AR AL B bR 2 R FH 20 3K 26 45 B9 HR
Frnl il R EER

#1 iphone7 GERGLHNBSH

Tab.1 Intrinsic parameters of iphone7 back camera

fz f), 0 Xy Yo
3322.5 3322.3 1.6869 2010.3 1480.6

#2 iphone7 GERGIBTRY

Tab.2 Distortion coefficients of iphone7 back camera
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Fig.2 Identification trend of radial distortion coefficients
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Fig.3 Pre- and post-calibration images of B & W chessboard
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the target and its local context

A DU i AR 24 3, 2 C6) A LA
JEIT

c(x)=P(xlo)=

PR BRI

Z P(x,c(2)o)=

c(z) X

>V P(zle(z),0)P(c(z)o) (8)

c(z) €X
X Plx,e(z)lo) WEKA MR RE P(xlc(2),0)
Ty S AR AR R A i%ﬂ“ﬁﬁﬂﬁ '3ﬁ)%iBJ:T)LZ
] F) 25 0] 5 225 P (e(2)|o) b7 305 5 B 6 bR
%m%%ﬁt?ié‘]ﬁl\m’ﬁﬁo
T AR S T WU Y R R B DL K i E Y
HAR 8, al 8 E R SRR P (c(2)lo)
Plc(z)o)=I(2)w,(z—x") (9)
AP w, 5 SO = 7 eR 2

[z =]

P(xle(z),0)=h"(x—z2) (12)
AKrp A5 (x—z) mAS 0BT SO R B, ke T
H b5 or B e Fl sy &8 R SCAL B 2 2Z 1] (8 A0 XF #E 2 A
Dy Ty, ELBEE R AR A 1) X FR eR AR, A B T o
RS R BOAR LA R Y B
FX O F12)FEA(8), AT 15
c(x)= E P (x—2)I(z)

(=) Ex
() (I(x)w,(x—x7))
X QREEBBEBHET.

B—WE AP ROGRE S BEAE, K1) E
B BRI BT B R 2. B A07e i 3 b g 47 % A1
I8 25 L 5 AR A S TR B B A R — B, F
N THEREITERE,STCHILL A ?E@Eﬂﬂ%%
(FFT) , # 4& Blis 555 el 7R s 55, vl i 42
BREACR, B, N(13)& FFT%%ﬁ
Fle(x)=F (R (x))OF(I w,(x—x"))(14)
X f%ﬁﬁiﬂf %ﬁé@i’%rﬁf‘hﬁﬂ’li L

Xif 3 (14) E A7 08 Bk 5 AR 4, IR 2R (6) 10 A,
e A 15925 ) bR SCRERY pR R SR A 8 =R

w,(z—x)=

(13)

NIEa

]—"(/)e( « ))
F(I(x)w,(x—x))

Arp FOUOERRME RN A (IFFT) .

W (x)=F " (15)

4.2 STCEZXRIZTIE

STC H LR H b B ER AT 55 e o %) B 05 1 pR
Boe(x) i RIS RAT 55, R AR AN AT 6 Frs o A
55 o R Rl A 2 (15) TR Y iR i A
] bR SCRERY A7 (o), Ak AR R R T — i

wg(z—x*):ae (10) Rt 2s B SCRRL H I (&)
=050+ 5:)/2 (11) H) 5 (x)=(1—p)H> (x)+ ph (x) (16)
X a WIH—FL RZE, DIRIE P(c(2)|o)7E 0-1 18] K o 2B T HY (o) % Sk Hir— it 1]
Q%;Gﬂﬂﬁ'fﬁ%%ﬂ(,.s'wﬂ?[]s,/\”'UﬂETTl:iﬂJcE’ka” R 23 R SO R 23 [R) B R SCORE AR B i AR .
8 R o K AN A AL B AT LA A 55 300 ) 4 A A 5 JEE 28 AR 5|
HWR 8 AR B P (xle(=),0)H AR ME RS T
LT ImpEs| 0 mewEEms !
| A1 | | 21 || o |§| 117 5@;%5@ FFT O IFFT E@gﬁ;
‘H§T°=hfc |h§° : ‘hfc ______________________________________________________________ I
p
AN B2 LT
o o, Y H () =(1- ) B (0) + pho)

K6 STCHIEmEA
Fig. 6 flow chart of STC algorithm



o5 5 J&

WA TG T AT RN SE 09 2 B B3 2 5088 i ks R I g 12 983

ARG H (), s (14) 58+ 1 Wiy &
15 B oR O 1 57
co(x)=F (F(HT (x))O
F(l, (x)w,(x—x))) (17)
B S, 38 T 1R A R RO S R E DA T B
55 -+ 1R T i H AR R

x;, = argmax ¢, (x) (18)
[Gﬂ(-(z;‘)

X B 2 B B S R AR SO L2 A P i Y
& 3 o8 I BEAT IR A , DN e Z w1 G\ K S E Y
RUBEAS Ak, BIVET R RN B AR e A A Al R 2 0L
L5 = HEdR 3, BIAF AR 1 20z 3l 4544 S5 AR BILIE] )
O 1y 0 B 2 e A A A AR Al MR T 51 H AR
OB SRS R AT B O
AT IR B R R ERSCR | fE ST C BRER T3
M TR R SR IS SR [ 12J i &L,
B :a=2.25,8=1,0p=0.075,5=1,

5 ETOFEZMIGEMBMGIT

AL STCHREMB MK F BAnf & 2 1Y
O3 HER R AR E MG E AR S8 PR AL S 5 I R
R BAMG R FIS N SEBR A o R, R TR AR B
K00 B bR SEBRALAS | BR T 48 = A B 2 BE R LU
B R R R s R AT LR A (OF) 5
2, 6B B ARTE BRAMR R N AL E R A AT A
ISR AR R A B

— i M, R e A 2B P Sk RO BT AR 5
S, y) Ml g(x, y) Z A R LU R 6 &R

glx,y)=f(x+ Ax,y+ Ay) (19)
Kb B (Ax, Ay ) 7] RoR N BB R AR
Oy (Ax, Ay) AR Z 45 B3 53 (B, 0y) 2 Fil
Ar= Az + dx
Ay= Ay + dy

X <<,y 1,

fE A H STC B B Bk KM R RN B
(Ax, AV , B WBZA % 75 BARIEE g (2, y) PR
OB B AR S, (2, v ) BT AR L8R B b B
18 Z BT A7 HE N L B (B, By) |, 6 B R % I 3
b < VA Sl Ol S R I B A G el T o B
K&

gla,y) = f(x+dr,y+dy)~

(20)

(2, y) . (z,y)
Sela,y)F b= 4 by % (21)

WSt A% 2R A2 A (B, By) (9 FRe AL Ad 31 AT /i R X
35

gllﬁl’\l D (0x,0y)= Lmor)l Z(g(x,y)

o Way) L flay))
Jela,y) =t =7 Oy 2y )
(22)
AR M /N A R Y A
9P (dx,0y) 0P (dx,0y)
dx - ady =0 (23)
AL, (8, 8y ) W e HEAl 71K i =X
AN 0
;?(ax) ;;31 dy {a,} Ej(g )5 o)
2 6 o af
251 dy Z}(E)y) E( ﬁ)

A I BT R A BR 22 4y i 5L B0 0f, /0 =
fele T Ly)—fila,y) K 9f/dy =f(x,y+1)—
Je(x,3)s

L7 T 7R A A R 48 PR I AR R B A
TR TR AR o AR OGRS B AR O i Bk
AR AS 3 (4 A% 2 A SR B AT ik 1) 0.01254% %, AT LU
A RO B AR TE B NME R N AL E B AR T
PETH S B H AR RS B RS R

re | ) [

HFSTCHE - ,| BeREYe || WRRARE
H bR R Hik (8x,8y)
) [}
BBRENE SETRRAR R
(Ax,Ay) FACAY)
[
}
BANTE
{Ax:A_x+8x
Ay=Ay+dy

F7  WARELRA

Fig.7 Flowchart of subpixel displacement estimation

6 RELW

AR SCRE T R B /N BRI (14 58 38 Ik 3 L5, LA
A6 6 T 42 1 19 D5 B TE TE N AR I R G BB fL 3R
55 R, RE A A A R Ml AH AL T A AR IS AL B 22 A 5
R IR o S HGRE LA, S A S 0 B 25 SR Dy e
XA ST 5 AR E G TR T I ROR

6.1 LIGiZt

S AN AT 8 BT A, /0N R G A S T AT [
ETE S0 S b R A8 5 % B AT A I o /B BK



984 W& L

%34 %

ERA B LA AL A AR IR ) — i SRR A
it SEAE b o SEE R PR AR A SR 5k Bk
IKFIR BN, 57 B A5 SR A 0 57 /N ER [ 7K S A% B R, O
FH ERCHE R AR R AR AT A B R4 o [RIET, F R
FE/NER Tty 4 BETE — MR 1 1Y iphone7 T AL 5t 1 /1N
BRI S LA, B R 43 BE R 1920 X 108018 %,
MR 60 W /s S50 I 5 i /N ER IR 2h R 20 s,

SEES R, R TR B0 4 DL iR 2 45 RN 1
D5k AT 1 B IR AR RO O 1-10 Hz [8] ) 8 42 2k
PR, WA, I T B EHEERLE RAE T
BRI WA X/ INER TS 5 10 52 24 15 Se b AT Y .

R T P A Ty VR AE G BRAS AL IR BT T Y AR
FFEBETE 2% b SE B - (D) I — , 78 /NER IR 3 o 7
R AR AR L s (2) T B =, 7E /N ER AR 3h o AR
L3RI IRIE M G ATDOGIREE . LB HETH 3
R4 B AT, W& 9 (a) s b OG5 AT I IR
WE 9 (b) i AT I 3 4T e 52 R4 e i BER, ply 81T
UL & 22 51 B & .

K8 ScomAn
Fig.8 Experiment layout

(b) T B AT TSR 1B,
(b) Lamp on at its brightest setting
B9 SRR A X L 1A

Fig.9 Comparison of variable illuminations

(a) RIABHTEBL
(a) Lamp off

6.2 SEWHER

N T AE T 5 R A TR 0 2 SR AT L X
PO, TE A% &) 4 rh 55 0 A% A% R [ — v B2 B P A H A
PEONERER HAR o W& 10 Ji 75 400 B 80 8 A 9 4> BR
Bk EAR LLEAME S H AR X B L, S GHEy H AR X3 2,

K10 P ERER B AR BRI 2 L
Fig. 10 Initial definition of two tracking targets

W 25 H AR DKy ot

HR A A SO A HOR J7 28, e B A SR A
B BE — ot R R AT A% o 5 4 T TS R — i R AR H
P DX A A P BR B, B 1 STC 38k M OF B35 0
AH B WTHEAT VC FC , 45 2] B bR 09 BHR AL 5 B s B R
5 # 3¢ LA A7 THCRE ) i [ 7 B e 260 F%

Y SRk b 4 B FH A 8 T AR AR DG O B kDU R
H] Lucas-Kanade Y& i 5 Harris 1 /5 A 45 & 00 5032,
3 3 TSR A 05 PR i 1) G B AR AE S B DG A AR RO B
PN SR VA A

R T AR SCRE SRR T A B M RE L 3
SE AR W PR 8 AR 0 — Ak ¥ 7 R 22 48 A
NMSE 5 R K d6 45 o:

SNd,(i)—d (i)
NMSE =1— —

S, ()=

‘2%m%mm>i>
r— - (26)
SN (i)~ & - SNdo (i)~ d. F

K d, (i) Fd, ()53 5 ERFE T 9058 50k A #
& TR ARAG 0 018 B8 5 o, A1 53 AR 3 [/ 7
15 20 0 B AE . PS4 B I RO E R AR AE O0-1 2
(], 5 B (BB O, 5 DR A BORE 5C , 50l A DL A BB v

AN 11 AN 12 B 7 g3 0 Dk ot BE A A A A B A
MR O B9 12 s 2B I R F L P, e rf STCL
T STC2 AR N A SO %R 45 2 4 H A5 1 F1 B
br 2 25 5, LK-Harris 18 3 ¢ 1F 56 3 2% 31U 51 45
Sensor {8 F A B AL AR M 45 2 . a3k 3 A 4 s
PR O BN [R5 VR 4R bR g 2R, Kb ik 4]
T e RO RS X 4G

FH &1 3R i s 45 S mT L

(DAECIAZARIE O T A SOy 5 R E G
T I A5 1) 57 B I 2 5 7 6 A% 2 1 T 235 SR AR R AR




o5 5 J&

WA TGN 3 T R HLILGE 19 2 B AR 307 % i b R M ik 985

=l
==
w
= ——

Displacement/mm

-
o
o=
o —
f,._f“—;f
e
—

v~ T S W Wi | .
_g [=-sTC1 ----STC2 ---- LK-Harris —— Sensor
01 2 3 4 5 6 7 8 9 10 11 12
Time/s
S ,
BRI
8 i ’.";
&
A, |[E=STCT_STC2 - IKHaris — Sensor|
10 11
Time/s

1L OERORARRRE B0 T B AL RS I AR 5 Jay i il R
Fig. 11 Displacement time history and local amplification

under the condition of constant illumination

NS e e ]
T T

Displacement/mm
o

[ [C=STCI -~ STC2 - LR-Hamls — Sensor]
01 2 3 4 56 7 8 9101112
Time/s

Displacement/mm

9 10
Time/s

K12 SRS 0T B2 #% I AR 5 R 8 ik R

Fig. 12 Displacement time history and local amplification

under the condition of variable illumination

F3 ABARLERTHAAHEENLERTEN
Tab.3 Evaluation on displacement measurement results

under the condition of constant illumination

RRALF /mm

BEAW e emm me 0
STC1 5.80 5.94 —2.4 0.98 0.99
STC2 6.08 5.94 2.4 0.98 0.99

LK-Harris 6.26 5.94 5.4 0.96 0.98

Ak A R Er— 2, R RN R R AT IS

N 22T SR RE T, B AR SO e A R A S

M R gl . RAHNEIEAL R T R #4518, NMSE
o BRIEL T 1, e KL B A 22 78/ F 6 %6, A SOy
B FE bR . FFEULH A, STCL M

x4 ABTHERTHAEBENLERTN
Tab.4 Evaluation on displacement measurement results

under the condition of variable illumination

RARALF /mm

.
MO e emm wen O f
STC1 5.82 5.99 —2.8 0.93 0.97
STC2 5.90 5.99 —1.5 0.93 0.97
LLK-Harris 6.95 5.99 16.0 0.64 0.89

STC2 Ay 45 AR 58 4 — 50, B T 004 31 15 22 4h L Bk
ik B o B PR A AR T S EORA B AR A K
T Bt S AR B M2 R

(2)TECIRAR AL I DL R A D6 75 1 1 3% I A
KT R RS, 26 B B AR R R O, T AR Sy ik
FIT A5 (4 (57 6 st AR AT 1T 5 {07 6 A2 S 3 14 0 8 &% SR 7
ARAFE S AR — B, R HVBE B oR T A RS
W HRAE 6 B 1 19 NMSE Fil o W 5 A /) , e KA 7
D25 KT 1556 5 1M A SC 7 5 1 48 A B 4% 0 BROR
75 Ak 1 BRI 0 A FEAIG , {3 NMSE #l o 5 BE AR 15
FE0.95 & A7 Fe KA B 25 /N T 5%, WA SOy ik
A R PE AR LRE T .

7 HRIE

AR SCEF XS TR AL E B AR AE 254 T RE 4R 3 Sk
f 0 IF AT ST , T ik 25 b SO RO iR ik
P TN BE T LS AR B AL AL B0 T 2 HArsh
FL A% A 20 W I B R O 0k o SRR W], AR SO IR A
AR 5 R T 5 T N AE T MRS BRAE AL fiE
B8 T HGR A TR T A1 o ARR A2 PRI i A7
W B — A 5T O S AR IR AR A 0, A
55 R AR B} 8 35 5 A F 0

S E 3k

[1] Cho S, Spencer Jr B F. Sensor attitude correction of
wireless sensor network for acceleration-based monitor-
ing of civil structures [J]. Computer-Aided Civil and In-
frastructure Engineering, 2015, 30(11): 859-871.

[2] Spencer Jr B F, Hoskere V, Narazaki Y. Advances in
computer vision-based civil infrastructure inspection and
monitoring [J]. Engineering, 2019, 5(2): 199-248.

[3] Feng D, Feng M Q. Computer vision for SHM of civil
infrastructure: From dynamic response measurement to
damage detection—A review [J]. Engineering Struc-
tures, 2018, 156: 105-117.

[4] Dworakowski Z, Kohut P, Gallina A, et al. Vision-

based algorithms for damage detection and localization



986 £ I N - 7 5 34 &

in structural health monitoring [J]. Structural Control based method for displacement measurement under ad-
and Health Monitoring, 2016, 23(1): 35-50. verse environmental factors using spatio-temporal con-

[5] HhE-F, sk—1d, sk T . B TIHENME MRS & text learning and Taylor approximation [J]. Sensors,
WG LSRR LR T B[], 3 TR S TR IR, 2019, 19(14): 3197.

2019, 39(4): 22-29. [10] Zhang Z Y. A flexible new technique for camera calibra-
HAN Jianping, ZHANG Yi-heng, ZHANG Hong-yu. tion [J]. IEEE Transactions on Pattern Analysis and
Displacement measurement of shaking table test struc- Machine Intelligence, 2000, 22(11): 1330-1334
turemodel based on computer vision [J]. Earthquake (117 & #, 5k W% . L5 SLAM ik . MG 3 52 B
Engineering and Engineering Dynamics, 2019, 39(4) : [(M]. db st BTl ik, 2017.

22-29. GAO Xiang, ZHANG Tao. Visual SLAM Lecture 14:

(61 J& Fi, skaal, X, 55 TR S From Theory to Practice [M]. Beijing: Publishing

Z4HR[T]. EAR T R44R, 2018, 51(11): 17-23. House of Electronics Industry, 2017.
ZHOU Ying, ZHANG LiXun, LIU Tong, et al. [12] Zhang K, Zhang L., Liu Q, et al. Fast visual tracking
Structural system identification based on computer vi- via dense spatio-temporal context learning [C]. Pro-
sion [J]. China Civil Engineering Journal, 2018, 51 ceedings of the European Conference on Computer Vi-
(11): 17-23. sion, Zurich, 2014 127-141.

[7] Yoon H, Elanwar H, Choi H, et al. Target- free ap- [13] Chan SH, Vo D T, Nguyen T Q. Subpixel motion es-
proach for vision-based structural system identification timation without interpolation [C]. Proceedings of the
using consumer-grade cameras [J]. Structural Control International Conference on Acoustics, Speech and Sig-
and Health Monitoring, 2016, 23(12): 1405-1416. nal Processing, IEEE, 2010: 722-725.

[8] Feng D, Feng M Q, Ozer E, et al. A vision-based sen- [14] Khuc T. Computer vision based structural identification
sor for noncontact structural displacement measurement framework for bridge health monitoring [D]. Florida:
[J]. Sensors, 2015, 15(7): 16557-16575. University of Central Florida, 2016.

[9] Dong C Z, Celik O, Catbas F N, et al. A robust vision-

A computer vision-based method for high-precision monitoring of multi-
target dynamic displacement in interference environments

ZHOU Zhou, CHEN Tai-cong
(State Key Laboratory of Subtropical Building Science, School of Civil Engineering and Transportation, South China University
of Technology, Guangzhou 510641, China)

Abstract: At present, research on dynamic displacement measurement based on computer vision usually requires high-speed and
high-resolution camera as well as ideal shooting environment to ensure the performance and accuracy of measurement. However,
high cost of the camera, requirements of high image contrast and stable environment during the shooting process limit the wide ap-
plication of the technology. In this paper, a robust multi-target displacement monitoring method without artificial target is proposed
based on the spatio-temporal context algorithm and the optical flow algorithm. The dynamic multi-point displacements of the struc-
ture under the interference environment are synchronously measured by smart phone. The frequency sweep experiment of the canti-
lever sphere model is carried out to test the measurement effect in a certain frequency range. In the experiment, a smart phone is
used to shoot the exciting sphere, and the complex background is preserved and the illumination is simulated. Then, the video is
processed with the proposed method and the common characteristic optical flow algorithm, and the dynamic displacement results
are obtained and compared with the measurement from the displacement meter. The results show that the proposed method has
stronger anti-interference ability under the interference of illumination variation. In addition, the maximum displacement deviation

of each monitoring point is within 5%.
Key words: structural health monitoring; displacement measurement; computer vision; spatio-temporal context; optical flow
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