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ABSTRACT:

Structural monitoring requires instruments which gaovide high precision and accuracy, reliable sneements at good temporal
resolution and rapid processing speeds. Long-tenmpaigns and flexible structures are regarded asofwthe most challenging
subjects in monitoring engineering structures. Ltavgn monitoring in civil engineering is generalbpnsidered to be labour-
intensive and financially expensive and it can taigmnificant effort to arrange the necessary humesources, transportation and
equipment maintenance. When dealing with flexitieicdure monitoring, it is of paramount importanit&t any monitoring
equipment used is able to carry out rapid sampliogv cost, automated, photogrammetric techniquegetbre have the potential to
become routinely viable for monitoring non-rigidwsttures.

This research aims to provide a photogrammetriatiwsi for long-term flexible structural monitoringurposes. The automated
approach was achieved using low-cost imaging dev{ceobile phones) to replace traditional image @ifjon stations and

substantially reduce the equipment costs. A s@ffammed software package was developed to dealthét hardware-software
integration and system operation. In order to eataluthe performance of this low-cost monitoringtesys a shaking table
experiment was undertaken. Different network canfigions and target sizes were used to determabdht configuration. A large
quantity of image data was captured by four DSLR erash and four mobile phone cameras respectivelgsdlimage data were
processed using photogrammetric techniques to leddcthe final results for the system evaluation.

1. INTRODUCTION This research aims to develop a photogrammetricitorimg

system which meets the following criteria:
With the development of engineering techniques,igaes of
constructions have become increasingly complexs{Gkt al.,
2007). How to comprehensively estimate a structstate and
detect deformation using more effective and econaméthods .
has become one of the most concerning issues fpnegrs in
recent times (Kim et al., 2006). Measurements usBRS
network, total station and terrestrial laser scane¢c. have
therefore been widely applied for structural headtbnitoring
purposes. These instruments can provide accurate
measurements from millimetre to micrometre leveld most of
these instruments are largely operated automati¢@ibnzalez-
Aguilera et al., 2009; Lin et al., 2008; Psimoudisd Stiros, *
2007). However, when dealing with a long-term maoniitg

suitable for application to various types of stuues;
the ability to deal with long-term monitoring tasks

« allows users to remotely control the monitoring
system;

« fully automated operational processing;

a cost-effective monitoring solution.

task, measurements based on these instruments atapen
suitable for long period, in-situ applications dieethe price
issue, maintenance and the risk of theft or damage.

Photogrammetry is a non-contact measurement teglnidpich
utilises images to make accurate 3D measuremertsmplex
objects (Luhmann, 2007). With fast sampling, widwerage,
photogrammetry is therefore likely to become onehef most
important methods for flexible structural monitayinin
engineering (Maas, 2006); combined with remote mbnt
techniques and the use of small volume and inexpens
imaging devices, a photogrammetric monitoring systan be
placed in test fields for long-term monitoring pasgs.

* Corresponding author
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In this research, programmable mobile phones (afswn as
smartphones) were used to replace the conventiomging
instruments more usually adopted in general phatogretric
applications. Although the functionality of a snpddne can be
significantly expanded by installing different type of
application software (an app), there are no ‘appsrently
available for structural monitoring or photogramrizepurposes.
The main core of the low-cost, mobile phone-baseditaring
system developed here is a self-programmed inted)sdftware
package. This software allows the operator to refpatontrol
multiple mobile phones in order to conduct long¥er
monitoring tasks remotely instead of operating ¢hos
instruments directly in the test field. Most of teenbedded
operations have been designed to automate progedgsins
minimising human interaction and effort. Severadtsehave
been undertaken to estimate the performance ofldkiscost
monitoring system.
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In this experiment, a shaking table was used &staobject to
simulate a flexible structure. This experiment ddsfor four
days; during which time, four mobile phone camei@tia@ns
were used to simultaneously capture imagery thaliddoe used
to examine the performance and remote control Gkipe of

the system. Compared with mobile phone built-in case
DSLR cameras have a better image sensor qualityutem,

lens resolving power, etc. and these features nif@gtathe

accuracy of photogrammetric measurements significéAkca

and Gruen, 2009). In addition to the use of molplone
cameras, four DSLR cameras were therefore also eappb

provide a benchmark for comparison.

2. CHARACTERISTIC OF EXPERIMENTAL
INSTRUMENTS

2.1 Software development

The mobile phone software development performecdhis
research was based on the Google Android OS 2tpradue
to the following reasons:

. It allows users to implement multitasking;

. It supports the Java programming language which is
high interoperability programming language adapfed
each OS;

. The source code and software development kit & fr

and open source.

At the time of carrying out this research, the Geagndroid
OS is the most appropriate mobile platform to depethe
software package for this experiment, as it pravideelatively
open system for developers. However, this may chamduture
with the continued evolution of mobile phone tediogg.

2.2 Experimental software

The aim of this research was to design a
straightforward monitoring system. In order to &efel this goal,
the integration of commercial off-the-shelf compoise
(hardware and software) was essential. Meanwthile,use of
unique instruments must be avoided. As the instrisnapplied
in this research were not customised for structorahitoring
purposes, the integration of the various system poorants
became the biggest challenge. A self-programmedwace
package was developed in order to control the raopiione
devices remotely. This software package was progeeanusing
Java Platform, Enterprise Edition (Java EE) 6. 3titware was

The photogrammetric processing software used B régearch
was PhotoModeler Scanner Version 6. This is comialgmaff-
the-shelf software. According to the user manuagtBModeler
claims that when using a high quality digital caaexccuracies
of 1:30,000 can be achieved (Kim et al., 2006)eviaus
research has validated PhotoModeler against another
photogrammetric software package, The Vision Megwl
System (VMS) (Wang et al.,, 2010), confirming thdist
commercial software is capable of meeting the delmaf this
project. Given its relatively low cost and useeffilly graphical
user interface (GUI), PhotoModeler has become aulpop
choice for reverse engineering and many other emging
applications (Young and Garde, 2007).

3. METHODOLOGY
3.1 Systemintegration

In laboratory testing, a shaking table experimenasw
undertaken to simulate a flexible structure for rming
purposes. This shaking table (1.4 m x 1.4 m x O.ivas driven
by the Instron® 3520 series hydraulic power units. The
movements of this shaking table were directly rdedrby a
personal computer (Instron, 2011). Four DSLR camera®
configured to provide coverage of the shaking tahtel their
shutters were controlled with cable releases. Eidecreleases
were connected to the same PC that controls thérghtable.
The PC controls the photographic parameters (fomeia
shutter speed, camera 1SO and exposure intervgl @ftdhe
four DSLR cameras as well as the amplitude and &eqy of
the shaking table. The time lag of exposures frawheDSLR
camera can be recorded to the PC, the averageagrizetween
the individual DSLR exposures being less than 5asieconds.
The PC was also connected to a laptop by meanssofitah
box. The laptop was used to remotely control foobitle phone
cameras via the in-house software. This softwamgramme
can adjust the mobile phone cameras’ photograpduianpeters
via a 3G or a Wi-Fi network. Through the switch bthxe PC
can also be synchronized with the laptop via thofware.
Specifically, the information (shutter speed, expesspoch and

low-costexposure interval etc.) of the four mobile phonmeeas can be

sent back to the PC from the laptop, then can beébowd with
the data from the shaking table and the DSLR canteraarry
out a comprehensive comparison.

The four mobile phones used were HTC Incredible & /
megapixel with a built-in 4.57 mm 2.4 lens. Thauf DSLR
cameras that were used to create a photogramrbetnchmark
for comparison were Canon 50D / 15-megapixel witmimal
28 mm 2.8 lens (see Table 1).

divided into three parts; a control platform whican be run

from a PC or laptop interface; the other two weesighed to
install into mobile phone operating system (OS) le

responsible for dealing with commands which wenet $eom

a terminal controller (a laptop or a PC). By ingtal the

software into a mobile phone, the mobile phone lwarreated

as an automated, in-situ photogrammetric workstatmultiple

HTC Incredible S Canon 50D
Image format 3264 x 2448 4752 x 3168
8-megapixel 15-megapixel
Sensor size 4.6 x 3.4 mm 22.3 x14.9 mm
Pixel size 1.4 microns 4.7 microns
Manual focus Yes Yes
Output format JPEG & TIFF JPEG, TIFF & RAW

tasks can be performed at the same time, such casvireg
commands from a terminal computer, adjusting
photographic parameters, capturing a sequenceatbgtaphs,
and saving previous image data, etc. Another modulger
development aims to provide a portable measurefoeation,
allowing an operator to implement basic photogratnime
surveying in the test field by using one single iteophone.
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Table 1: Technical specifications of the cameras
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3.2 In-house software

A major goal for developing a controller softwar@ckage is to
build a bridge for communication between a termuwitroller
and one or more mobile devices. With the use ofsibfevare
developed herein, operators can send commandsiggertr
multiple mobile phone-based camera stations simettasly
and periodically via 3G or wireless local
networks (WLAN). In addition, this software can ass each
mobile phone and sort image data following an expogpoch.
These data are stored temporarily in each mobitmeland are
sent back to the terminal computer when the wholaging
sequence is finished. An overview of the softwamcfions and
operational processes are illustrated in Figure 1.

Terminal Insert photographic
\controller/ frequency

Synchronization
Mobilc phones Task scheduling — Imagc acquisition

'

End task

Send the image
data back to the
Terminal PC

Automated data
sorting

v

Figure 1: Operational processes of in-house sofwar

As this software was designed for long-term moinigpr
purposes, the state of each mobile device is autcain
monitored by the computer to ensure each cametimrstis
functioning correctly.

3.3 Arrangement of test site

During a four-day experiment, eight imaging stasigimcluding

area [

Figure 3: (a) Experimental configuration. (b) Asdeup
photograph of an individual image station; the n®phones
were mounted on customized tripod mounts.

3.4 Mobile phone synchronization

In order to ensure that the mobile phone cameras triggered
simultaneously, a high accuracy of synchronizatioas
essential. To achieve this, all mobile phones wekbrated
with respect to an established benchmark. 7@ (Network
Time Protocol) is a TCP/IP protocol for synchrongsitime
over a network. A client can request the curremietifrom a
local server, and uses the up-to-date informatiomfNTP to
set its own clock (Mills, 1991). In this researddTP was
chosen as a benchmark due to its high precisiothifwilO
milliseconds over the public internet and 0.2 médtonds
precision in a local area network (Mills, 2006)) pfogram was
developed and applied to the mobile phones in aleefresh
their internal clocks by updating the informationrh the NTP
server every five minutes.

3.5 Image acquisition procedure

The frequency of exposure of the DSLR cameras wat sH)
seconds. The state of each camera was monitoraccbsnputer.

four DSLR cameras and four mobile phone camerask werAfter every exposure, an electronic pulse was bewk to the

arranged in two different locations to provide cergent
coverage of the shaking table, and to evaluateeffect of
different network configuration on photogrammetpiecision.
The network geometry configuration is illustrated Rigure 2
and shown in Figure 3.

Figure 2: Shaking table test. B is the longest distebetween
two cameras; b is the baseline between any twaenja
cameras and H is the object distance, as measuredtie
shaking table to the midpoint of B.

The test was performed over a duration of four d&ys the
first day, the camera stations were arranged velgticlose to
the shaking table, with H at approximately 2.5 nhilst the
value of B was 1.8 m (b was 0.6 m). This configumativas
unaltered for day 2 and day 3. On the fourth dag,Jalues of
both H and B were increased to 3.0 m in both casih,
camera convergence altered accordingly.
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terminal computer from each DSLR camera. The compute

checked this information automatically to ensurecameras
were firing simultaneously. The frequency of expesfor the
mobile phones was three times slower (30 seconddrame)
due to their slower memory buffer. During the téisg multiple
DSLR camera stations were launched first, and the tof
exposures were sent back to the PC. Then, thisniafiion was
transferred to the laptop via a switch box. In adaace with
the exposure epochs of the DSLR cameras, the sefgommed
software synchronized the mobile phone stationsWI2AN,
sending a script which included the frequency qfosure and
the start time for the first exposure (correspogdimthe DSLR
camera stations). Following this, the mobile pharaeneras
fired at the 30 second frequency until the operatessed the
stop button.

3.6 System stability

The shaking table test lasted for four days. Onfiise and the
last days the flexible structure monitoring expenih was
performed. The DSLR camera stations and the molhine
stations were continuously capturing images ofiloging table
during the period of the experiment, at the freqiesdetailed
in the previous section. The DSLR camera stationg wened
off when the shaking table was stopped. Howeveg, fthur
mobile phone cameras continued capturing imagemglihe
middle two days in order to test the stability bistlow-cost
system for long-term applications. Over the middhys, the
four mobile phones were still monitored by the =self
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programmed software which was installed on theojpfThe
system automatically rebooted all mobile phoneiatat and
reassigned new tasks to each station if the saoftalatected that
any one of the mobile phones suffered a malfunctorhad
become unresponsive.

3.7 Validation of photogrammetric measurements

Photogrammetry is a non-contact measurement tegcbnitpe
deformation of target structure can be calculatgdcamalysing
the movement of targets that were attached ontstiiueture’s
surface in advance (Luhmann, 2007). The use of Bghsitive
reflection targets, high definition target shapes\d good
configuration of targets and imaging stations, etm improve
the photogrammetric results significantly (Gancd adlement,
2000). The target issue was examined in this exyari using
different sizes of targets and two different coufafions of
imaging station layout.

The photogrammetric targets were made of two &pérself-
adhesive vinyl sheets (Figure 4). These usediassef coded
targets provided by commercial photogrammetric vearfe,
PhotoModeler Scanner Version 6 (herein subsequeefiyred
to as PhotoModeler).

Figure 4: Customized target stickers with differemget sizes.

Four different sized targets were applied to edénthe effect
on the accuracy. The largest target size (the diemw the
central dot) was 16 mm whilst the other three sizee 12 mm,
9mm and 4 mm, respectively. These targets werenlgve
distributed across the shaking table surface witte t
configuration of coded targets as shown in Figurd\senty-
nine of forty-four targets were attached onto tlefprm facade;
the other fifteen targets were placed on a flexisteucture
(0.3 m x 0.3 m x 0.7 m) with the bottom being fixedto the
shaking table platform. Furthermore, there wereenaxtra
coded targets arranged on the static external frame to
provide stable results to compare with the dynasaigets that
were arranged on the shaking table.

To facilitate rigorous evaluation of the systemfpenance, a
physical measurement was used as a benchmark tpacem
with the photogrammetric results. The thirty-eigatgets that
were attached onto solid parts of the shaking téhlenty-nine
targets on the platform surface and nine targettherexternal
framework) were measured in three dimensions bgiealtotal
station (TCRP 1201 which has an angle measuremecisiome
of 1”) using spatial intersection. Ten point-to4pioidistances
(Figure 5) were then calculated based on the coatelidata
and used as a physical comparison to the photogesticndata.
The endpoints of these measurements included eliffeiarget
sizes in order to estimate their relative precisiomhe two
endpoints of the scaling distance shown in Figutséd 9 mm
coded targets. The orange measurements used 4 ngetstas
endpoints, whilst the green measurements used 1Gamyats.
The blue lines represented measurements with 9 argett
endpoints and the single pink line in the middleha platform
used 12 mm coded targets as endpoints. The validati the
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photogrammetric measurements was made by comptrasg
physical measurements with the photogrammetric ltgesu

Deviations from the physical measurements wereuttied for
statistical analysis.

Figure 5: Selected measurements for validation eoisgn.
4. RESULTS
4.1 Automated system recovery

During the two days of the stability tasking (no vement),
each mobile phone station should have generatéehst 576
photographs (in this static object sampling perititg frame
rate was downgraded from 30 seconds / per frarBentinutes /
per frame). However, the number of photographs adigtu
produced from each station was less than 576 direteidual

system crashes. Table 2 shows the total numbemages
produced by each mobile phone station and alsoilsldte

number of times the system crashed.

Station 1|Station 2Station 3 Station 4
Total images (frameg) 563 563 563 563
Numbers of crash 3 4 4 2

Table 2: Details of mobile camera image statiom&aapture
over the stability monitoring period.

According to the information in Table 2, the fouolbile phone
cameras captured the same quantity of images whéadns that
the four cameras had the same number of shutteatams.
Each camera captured 563 images and the photogfegrhs
each camera were automatically sorted to 563 fsldbsr the
self-programmed software. Each folder included dtpgraphs
from four different cameras for the same exposy@ck. The
EXIF (Exchangeable Image File Format) data of epicture
was then exported and the exposure epochs werkethekfter
careful inspection, it was determined that all plgoaphs in the
same folders had exactly the same exposure epoch.

4.2 Comparison of photogrammetric results and physical
measur ements

In this section, the precision of the monitoringsteyn was
comprehensively evaluated. Table 3 shows
corresponding to different target sizes on the pi@tphs.

diameters
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DSLR Camera Mobile Phone CameAa
Target
size B=1.8 m B=3.0 m B=1.8 m B=3.0 m
H=2.5m H=3.0 m H=2.5m H=3.0 m
16mm 56 pixels 50 pixels 29 pixels 24 pixels
12mm 40 pixels 36 pixels 18 pixels 14 pixels
9mm 32 pixels 26 pixels 12 pixels 9 pixels
4mm 19 pixels 13 pixels 9 pixels 6 pixels

Table 3: Estimated diameter of target centres uditferent
network configurations.

PhotoModeler recommends that centre target widthghie
photos be at least 8-10 pixels wide (Kim et al.0&0 The
results in Table 3 indicate that 9 mm and 4 mmetargnay not
have been big enough when the object distance neeased
from 2.5 m to 3.0 m. Following Foss (2008), the imiam
target size using PhotoModeler software can berméated as

Table 5 shows the standard deviations of the x,ng a
coordinates from the different configurations. grnis of the
DSLR cameras, the best results are achieved thriheghse of
the 4 mm target with the 2.5 m object distancesvél@r, for
the mobile phone camera station the best configuravas
obtained through the 3.0 m object distance combinét

9 mm targets.

Compared with a DSLR camera, the focal length andyéma
format of a mobile phone camera is much smalled trese
factors lead to the requirement for a larger tasget. When the
object distance was increased from 2.5 m to 3.@hm,use of
4 mm targets for the mobile phone-based imagintjosta was
found to be too small. Therefore, the photogramimswoftware
cannot automatically detect these 4 mm targetss ditomatic
process was replaced by manual selection and thistitution
affected the precision. This may be the reason thbyuse of
4 mm targets has a lower precision in distance areasnts
than 9 mm targets.

follow:

Min. target centre dot diameter = (10 x fw x Dj xpw) (1)

9 mm target B=1.8 m, B=3.0 m,
H=2.5m H=3.0m
Standard deviation (um)| ox | oy | 6z | ox | oy | oz
Targets on the platform 1623 | 27| 15 | 21| 35
Targets on the moving 18125130 16 | 23! 32
component

Wheref is the focal lengthiw is the format width of the camera,
D is the distance between the farthest target armhnaera
position, andpw is the number of pixels in the width of the
image.

DSLR Camera

B=1.8 m; H=2.5m Min. Target Size = 4 mm

B=3.0 m; H=3.0 m Min. Target Size = 6 mm

Mobile Phone Camera

B=1.8 m; H=2.5m Min. Target Size = 7 mm

B=3.0m, H=3.0 m Min. Target Size = 10 mm

Table 4: Minimum target diameters for different igarations.

Table 4 details the recommended minimum target Geetre
dot diameter) following Equation (1). The results &argely a
function of the object distance, and when compa®dhe
outcomes in Table 3, it is evident that the 4 mnd &mm
targets may not be suitable for application when ¢hmera to
object distance is 3.0 m.

DSLR | B=1.8 m, H=2.5m B=3.0 m, H=3.0 m
ox oy oz ()¢ oy oz
(xm) | (um) | (um) | (um) | (Hm) | (um)
16 mm | 28 32 51 19 23 33
12mm | 16 13 28 13 12 22
9mm 12 12 26 10 11 22
4 mm 8 7 16 10 8 18
Mobile | B=1.8 m, H=2.5m B=3.0 m, H=3.0 m
phone
16 mm | 37 40 59 32 30 43
12mm | 22 25 37 18 21 31
9mm 15 21 29 13 19 24
4 mm 18 24 30 24 27 32

Table 5: Coordinate standard deviations under ifferent
configurations.
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Table 6: Standard deviations of 9 mm targets basedifferent
structural conditions.

Targets on the shaking table were divided into tifferent
types. As Figure 5 illustrated, twenty-nine wittdifferent size
targets were attached onto the rigid platform adeden of the
twenty-nine targets on the platform used 9 mm targén
addition, twelve 9 mm targets were arranged ongonibin-fixed
structure. Table 6 shows the comparison of thesen%targets.
Although the results on two different structure dibions and
two test field configurations have a few microndfedence,
these results are at the same level and are situifdre results
shown in Table 5. The conclusion indicates thah& shutter
speed is fast enough to freeze the structural oefiion (i.e. the
image is clear and sharp), the structure can blysethas a still
object. The structural movement therefore shouldt no
significantly reduce the measurement precision.

As mentioned above, there are nine sections thet ha&en
marked in Figure 5. The lengths of these sectioregew
calculated using the photogrammetric results amdpthysical
measurements individually. The mean of the physical
measurement-based result was taken as a convdrtioma
value and was used to compare the photogrammesidts to
calculate a RMSE. Table 7 presents results genefaiedthe
mobile phone-based camera station data.

) B=1.8 m, H=2.5 mB=3.0 m, H=3.0 m
Mobile phone camer, RMSE @m) RMSE (im)

16mm target 135 122

12mm target 79 73

9mm target 33 30

4mm target 39 35

Table 7: RMSE of photogrammetric measurements.
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Under two different test field configurations, tBenm target
has generated the optimal precision among the difterent

target sizes. The optimum performance occurred e

3.0 m object distance configuration with 9 mm tésgén order
to provide an indication idea of the precision bistmobile

phone-based monitoring system, the RMSE for the 9results
(Table 7) can be divided by the longest physicahsuneement
among the nine utilised sections (753.342 mm). Téiarns a
precision of approximately 1:25,000. The result3able 5 also
indicate that the use of oversized targets will marease the
overall precision. Instead, reduced precisionatained.

5. CONCLUSIONS AND FUTURE WORK

The results in Table 2 indicated that this systensapable of
handling a long-term, continuous monitoring projedthough
individual image station crashes occurred, the raatx
recovery function was able to re-start the imagetwoa with
only minor interruptions. And this automated reagvieinction
can significantly improve the reliability for lortgrm
monitoring purposes. Final results show that undeod
lighting conditions, with proper camera calibratiostrong
network configuration and the use of optimum tagjees, this
low-cost, mobile phone—based monitoring systemajzable of
dealing with long-term, monitoring applications kita
precision of approximately 1:25,000.

The on-going improvements to this system are faogssn
software developments for enhancing the surveyin
functionality of mobile phone devices. The conceptthis
scheme aims to develop a new software applicatoallbw
civil engineers to perform basic photogrammetriogassing
using a single mobile phone (i.e. the mobile phailebe used
to capture an image and then start to run procedsmeh as
image processing, target detection, coordinateutztion etc.).
Currently, a prototype has been developed. Thisvsoft can
generate good results, if targets are arranged astaface and
provide a good contrast with the background. Déifar
algorithms are being applied to improve the recogmirate.
Also the minimization of system loading is anothmmjor
concern. With the continued development of mobilene
hardware, and the ever improving quality of builtéameras,
better processing speeds and identification acgucan be
expected in the future.
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