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In this study, a structural seismic monitoring system based on smart devices was proposed and the effectiveness of this
was verified through shaking table tests and practical use to seismic response and real bridge tests. The development of
a low cost yet computationally capable system using smartphones’ build-in sensors is the goal of this research work. By
allowing smart devices to participate in vibration sensing and monitoring, the proposed system can provide dense array
of strong ground motion monitoring. The recorded data of this system can facilitate studies which lead to improved
understanding of a mechanism of damage in structures, during a large earthquake.

Measurement application programs for acceleration and displacement were developed for iOS devices. The viability
and accuracy of built-in MEMS accelerometer sensors on the smart devices was confirmed by a series of shaking-table
tests involving sinusoidal excitations and scaled ground-motion excitations, and the implementation feasibility of long-
term bridge health monitoring was verified with on-site measurement at the Takamatsu Bridge located in Miyazaki,
Japan. The test results showed that smart device-based monitoring is feasible for long term monitoring. The feasibility
of the system can be concluded based on the following major key points:

a) Pink-noise is observed in smart devices recorded accelerometer data. It results in overestimation of the amplitude
at low frequency. However, the difference from a high-precision measuring device was small, and the predominant
frequency could be identified clearly in the frequency range 0.5-10 Hz. The pink-noise will not affect the practical use
very much especially for monitoring seismic events, which has been proved through earthquake-input shaking-table
tests.

b) The possible sampling rate is under 100 Hz. Though the sampling rate is unstable, the data array can be resampled by
linear interpolation from raw data.

c) The trigger function to a designated acceleration level is easy to practice. This means that the trigger command can be

sent to other devices simultaneously once a device is triggered. This fundamental function makes the sensors acting



as a group through a wireless network.

d) The data acquisition to a cloud server has been realized to be stable. There was no data loss happened during the
long-term continuous measurement for more than a year.

¢) Dynamic properties extracted from data recorded by smart-devices were compared with hose from a high-accuracy
sensor. The usability of the smart-device based system was verified with a reasonable level of accuracy.

The task of measuring real time displacement response was conducted by developing measuring application for three
different methods of image processing: motion detection, corner tracking and QR code tracking. In order to fully utilize
the GPU capabilities of smart devices, the GPUImage library was used in developing the iOS applications for motion
detection and corner tracking method. Onboard calibration of the image pixel size to a given-dimension target was
implemented in the developed iOS applications. All the functions required for measuring the displacements of the target
could successfully be operated in real time. Comprehensive experiments, including shaking table tests and a bridge field
tests, were conducted to evaluate its performance. The following conclusions can be made:

a) The test results showed that motion detection method is highly sensitive to background noise. The corner tracking
method though being robust, is very easy to be influenced by background corner features. Nevertheless, the QR
code tracking method is highly robust to background noise, and consequently has more practical applications than
motion detection and corner tracking methods. Therefore, detailed laboratory shaking table tests and field tests were
conducted only for the QR code tracking method.

b) From the shaking table tests, it was also confirmed that the QR code tracking method used in the current study
could be applied effectively for long-period displacement measurement (frequency under 1.0 Hz). However, for
displacement measurement with high frequency components, an improved version of the QR code tracking method
was implemented and verified.

¢) In realistic field environments, the performance of the proposed method is confirmed through long-term field tests of
a road bridge subjected to temperature change and traffic loading. No data loss occurred during the measurement and
the long-term displacement characteristics computed with smart-device based system showed a reasonable level of
accuracy as compared to the high precision reference system.

d) The practical considerations and limitations of the proposed system including inconsistent sampling rate, and
changing on-site illumination conditions was discussed. The improved method, although being robust in terms of
dynamic displacement measurement, was seen to be computationally expensive. Processing larger resolution images
to yield higher accuracy resulted in low output sampling rate. Nevertheless, a dynamic crop filter was added to
the improved method, which resulted in significant improvement in the sampling frequency performance without
compromising the accuracy of measurement. Experimental verification showed that this method is robust in dynamic
displacement measurement.

e) Future work should include improving the accuracy and stability of the system, particularly in natural light

environment and adopting more computationally efficient methods to track moving objects.



MXDEBEERRORE

S UL R S b R AL M A bR 2 O KM RIS BT 2153 4 L O EY OB T 5 ARk
DX, HADOMEZFNIS T TRELSRE L. L L, HEWonEERR oW R4 $ TOME#RHED
BREZIE, AR THEMBHEROLERT — 5 BT RTH 5o WREOHBEYIINEEER R HER % & D
NVAEZY) Y7V AT AERREL, BRORBRPLWED 2 ELBNT L2 AT 2138 KE %
ENTVD, CNODYAF AT LY — F—2 0 H— PCLRETHMEEINTVE DB —RWTH Y,
5 LAV, lE NS L 0@l THIVHETH ). WIERA., HFER L bICEL BREM»
OMRIE ST A2 e L v, BIIWZHEE»S, BRFOMBRELZBINL, 2 0BELRMBINET
— ¥ HURT 5 72D121E, Rl THERE L3 WBLIIN T N AR R TH %o

2007 4E S B R e 2 Be72 L7z A< — DTN 2121, MIEEEEF R GPS 7 & /N -1 2
(MEMS) A ##RENTBY, fERIEMTH 72 MEMS 23%< 2 b L & B, SRR S oI & LT
(EASEBITHEIE L T\ b0 RPEMECTIE, BROMERN 2 26T & 2 FEolst 2 HwE LT,
A< — b FNA RN L7z MEMS & v =@t A X T % v 7o i o s R o R BEEHI, Bhiy
ZAEHI T2 S L ANEREY G B G X 0 % L 7o L oORGEZ 7> T b,

REMFRSL TR F1EOFHR, BL2HEDOAR— I TANA AT T r—a ZIZE 5803 A7 2 Of
e, W3 EOMMEFHNTLEOMIRES X 2 OMEEER. # 4 BOWREMEH > 2 7 A0, 58O
PRI E & O AERIRENIREE O H B RGR TR OME, 25 NIH 6 BOMm L ERTHI ST,

#1HiE, RAEOHBEREOHINL S EHEMEBNOEEMNER, A — P72 & W5 % bR
BT T 2 BN OB EBN %2 4 L CTWwb, A< — b7 2% 72 BEEOIRBEHINC B3 2 0
FETIE /A AL RVRH 7 v R R ST 2 EmFHEA D v, 2O L) R, D,
AWIFED LAMBERRPMEO B ZFHH L T 5,

E2EETIZ, B8 ) YTV AT ARMET L2012, A< — b TN A% 2 3RBF 1R W EH 7
TN DORFBIZOWTEFH L TWD, LT 7BV TId, Av—bMF 4 N, R L2k v 3=
5. F— ¥ ORERRAE R EORABREAEHR L2 LT, 797 FH—n"—%F L7 — 5 FEHEED i
2 T2,

BI3ETIE, AY— bFNAS ZAOWNEMEEL v —%2 Hw, fEEE=%Y) v VY FEERET %, ik
B A EBIICRERT 2= ) Y IHRER U - SN A YA O MRS S AR & 2R L 22T 7
VEHEMLTWDE, AR— TN ATHEINLEZF ) VTV AT 2O E2 BT 5720, IRE)
BEBRZE L, MERE S 4 XL v, fEY OB EICB T 2352 @ WICEHME L Tw b, kI,
2016 AEREAR M BB RIS EIFILICH BAFIC A~ — b7 4 VHUERT R RRE L. 1RSI S TiT- 2RO 1R
R L 2O R 2B L T b,

BAETIE, RETLA AL EOMBERENZE=F) VI T572DI0, AR—FN T+ VDTFAIF VA
A7 2R L2 EHEEHI LA MG LT b IR SNZZEGENNT 7)) Otz 3 i3 5 720, REH%E
BB X OEMBICBIT A 4Bl 2 1To Twb, S5, BHEEOMUEBOA L EET S 70T T 1
WV —FiERe, 7 u TR E BIICER T 2 FEOBANC X > TEMEHI OB ERER L2 RET L Tw b,

5T T, BRI S NANRETE D S, BORBIREL BB T 2 FIEE M LT b, RFPAL
FOCTIE, MR CE VKRR EB L 2BARR =2 =TV Ry b T =2 (CNN), TabbiEE¥
BEBHL TS, AR—F 7+ YIZHERKTE LMD CNN ETF VT, HOSBIRE I X 2 IRE)



Y% 90% DL OKSE TR T A ENTELZENHLNIL TV A,

BB, BOREICBVWTHKEOEN EARNAETHONIZMALRRE LTELDL L LB, SHROME
WOWTERL T2,

B RUFZEORFIE, HFARE D D 5 FEEI 2 224455 (Structural Control and Health Monitoring)
121 MR E A, 6 U< EBFi RS (Journal of Structural Engineering ASCE, Structural Control and
Health Monitoring) 2 2 fafricrh. el & EE&# (Proc. of the 7th World Conference on Structural
Control and Monitoring) 2 1 #mf8FA, MEREZOLEFH (Proc. of International Summer Symposium,
JSCE % &) 1210 MR FEA. TDH)H IMPEFHEEEEZZHL TV I 2T 5,

PDED X512 RELTIEA~Y— b7, 2% V72 IREEHIRL Z MV G T 2 SR o s 2 HNc g2 L,
RE R FERR FAEROVGEER T, BROBEEMREBINZEIN T L0068 5 E 72l Tw
b0 oT, RANVEXFALZARL, Azt (Fh) oFfmme LChifia 2z b oL @Bo. G
LI L7,





