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Abstract: High accuracy 3D representation and monitoring lgécts is an increasing field
both in science and industrial applications. Umaeav many tasks like monitoring of building
deformations or displacements were solved by medrastificial targets on the objects of
interest. Meanwhile mature optical 3D measuremeahriques are available. Such image-
based systems can perform their measurements atleoutvtargeting. They use the texture
on the object surface to find "interesting pointghich can replace the artificial targets.
Example for a monitoring task is the stability cohturing the whole construction process of
engineering buildings like bridges, high-rise bunilgs, dams, etc. This paper gives an
overview of a new type of optical 3D measuremerdteay and its components. It uses
learning-based object recognition techniques tackeéor relevant areas to collect robust
interest point candidates to be long-term trackeprovide a deformation database. The task
of deformation analysis is on one hand based aaditibnal geodetic deformation analysis
process and on the other hand on a new developeedure called deformation assessment.
The main goal of this development is to measuralyae and interpret object deformations
by means of a highly automated process. We focuskeyn functional components,
development stage and perspectives of the devekystem.

1. INTRODUCTION

The increasing number of objects located in higbhbpulated areas that are involved in
deformation processes has extended the demandafodly working and easily usable
deformation measurement systems. Deformation meamnt enables the early detection of
damage, infrastructure failure or potential hazardrder to be able to react appropriately and
in time. The causes for such deformations are ralhifTo name a few, changes of ground
water level, tidal phenomena, tectonic events,umndn underground construction can be the
reason for deformation of buildings, bridges, dammsnels and railway tracks.

A great variety of optical 3D measurement techngglilee laser scanners, photogrammetric
systems, or specific image-based measurement systeravailable to achieve this need. An
example for such a monitoring task is the stabitiontrol during the whole construction
process of engineering buildings like bridges, gl buildings or dams.
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Most state-of-the-art sensors need to be placesiter(i.e., directly on the region or object
that undergoes a deformation) which is often naisgae in hazardous terrain. It is therefore
necessary to apply remote monitoring methods taatperform their measurements without
the dependence on targets placed on the objecbriant representatives are based on laser
scanning (Bauer et al. 2005) or terrestrial symthegperture radar (McHugh et al. 2006), both
leading to multi-temporal images containing dise&sto the scene in each pixel. They work
mainly in viewing direction, i.e., they can detenmionly one coordinate component of
deformations. Furthermore, the footprint of suchsees is relatively large (in the range of
decimetres), such that a precise location of eaehsnrement is not possible. Accuracy of
such sensors in most cases is a few centimetres.

To close the gap between these low-resolution, amediccuracy sensors and conventional
(co-operative target-based) surveying methods, é@wesgisted total stations (IATS) are a
straightforward solution, able to provide high-dgnsleformation fields with high accuracy
(down to mm range) in all three coordinate direwiolATS can perform their measurements
even without targeting; they use the texture orotbject surface to find points of interest.

In an interdisciplinary ongoing research projedd(@-2008) lead-managed by the Vienna
University of Technology and Joanneum Research Qfdaulti-Sensor Deformation
Measurement System Supported by Knowledge-Base@agmitive Vision Techniquepa
new kind of image-based measurement framework Using systems is under development.
It is based on new techniques originally develoipetthe area of Artificial Intelligence, which
shall be used for the task of deformation measungmenalysis and interpretation. The
developed system consists of a number of sub-sgstesgarding image processing, point
detection and 3D measurement, deformation analysdé deformation interpretation. We
report on the new developed measurement systefnittionality and development stage.

2. IMAGE-BASED MEASUREMENT SYSTEM

The basis for the measurement system is an imasigted total station. Such measurement
systems have a CCD/CMOS camera in the optical gdt@.images of the telescope’s visual
field are projected onto the camera’s chip. ltasgble to capture mosaic panoramic images
performing successive camera rotation, if compatetrolled motors drive the axes of the
measurement system. With appropriate calibratiesg¢timages are accurately geo-referenced
and geo-oriented since the horizontal and verteagles of rotation are continuously
measured and fed into the computer.

Recently, research interest in the area of imagedameasurement systems has been
increasedLeica Geosystendeveloped a prototype of an image-assisted tatibstwith the
purpose of defining a hybrid or semi-automatic wi@gombine the strength of the traditional
user-driven surveying mode with the benefits of sroddata processing (see Walser 2003).
The work described herein is based on this senSorthermore, Topcon and Trimble
introduced tacheometers that provide focused cdlmages (Topcon 2007, Trimble 2007),
and at theTechnische Universitat Minchem image-based measurement system for object
recognition was developed (Wasmeier 2003). One itapbstep for the development of an
automated image-based measurement system is thgratibn of so-calledfeedback
techniques (e.g., precise line scanning (Buchmann 1996) omeordetection). Such
techniques are summarized under the concepiniglligent Tacheometryor Intelligent
ScanningScherer 2004).
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Institute of Geodesy and Geophysics at the Vienmiadusity of Technologhas long-term
experience in the development of total stationggeiassisted theodolites and IATS. Worth
mentioning are the work done by Fabiankowitsch 1%§0Roic 1996, by Mischke 1998, and
by Reiterer 2004.

The optical system of our system is reduced to@léms system consisting of a front and a
focus lens. Instead of an eyepiece, a CCD/CMOSosaalaced in the intermediate focus
plane of the objective lens. The image data fromithage sensor are fed into a computer
using a synchronized frame grabber. The variablmeca constant and principle point
location resulting from the focus mechanism is cengated by a calibration step and precise
focusing encoders.

The new image-based measurement system consistéffefent components: an image-
sensor, system control unit (a workstation inclgdia frame grabber and controlling
software), a system for deformation analysis (seali by the integration oGOCA —
GNSS/LPS/LS-based online Control and Alarm Systemdl deformation assessment, a
knowledge-based decision system (KBS), and a gtaphser interface (GUI).

Basic idea of the measurement system is to uskAiff® as core component and extend it by
several sensor units — the result is a flexibletirsginsor system. In a first step, we introduced
a Terrestrial Laser Scanning Device (TLS) into sigetem. A simplified architecture of the
system is shown in Figure 2.

I .
Deformation Analysis

) = I~ =~
Deformation “ KBS
Assessment

Figure 2 - Simplified architecture of the developgdtem.

The fusion of IATS and TLS combines the robust dedse point clouds gained by TLS with
highly accurate single or sparse point cloud measants by an IATS system. A combination
of these sensors is a promising solution for arpetpf deformation measurement (laser
scanners currently undergo a considerable incredsenaximum range, accuracy and
acquisition speed).

Particularly in large regions with unknown deforioatdistribution a laser scanner system
can provide key information about quick surveyimgidions. Scanning a region twice within
a certain fraction of time expected to show reaknaleformation allows for simple

comparison of laser distance images and straigidfiak determination of candidate
deformation regions.

The developed measurement procedure is shown urd-y and starts with the capturing of
overview images by an external wide-angle (WA) camegtached at the top of the IATS.
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This processing step makes is possible to evathatevhole “scene” and to make some first
decisions. As a matter of course this “overviewastecould also be generated capturing
images by the internal IATS camera and by stitchiregn together — due to this sequence is
more time consuming, our approach is based on tAarage. On the basis of the captured
overview-image, scene analysis by means of an bbggmentation tool can be done. In the
following detailed images can be captured by therival IATS-camera. These images are the
basis for the subsequent image point detectiorttea@D point measurement (see Section 3).
A precondition for deformation analysis is the exiee of more than one measurement epoch
— provided that such measurements are availabldaeloped system can process a classical
deformation analysis followed by the so-called defation assessment (see Section 4). As a
last step automated deformation interpretationtEadone.

Image Capturing by Measurement of 3D
WA-Camera Point Coordinates

Deformation Analysis

(GOCA) Measurement Epoch D]

Object Segmentation

Image Capturing by Deformation
IATS-Camera Assessment

Deformation
Interpretation

Image Point Detection

Figure 3 - Developed measurement procedure.

As mentioned above the measurement procedure stihsthe capturing of one or more
overview images by means of the wide-angle (WA) @@amOn the basis of these images a
“segmentation” procedure will be executed. Its tsscan be used in a following step to find
robust regions of interest (ROIs). The structufi@ object can be realized by a detection of
striking object parts or object features, e.g.ddacade such features can be windows, since
windows are the most important structure elementdagades in this context. For such a
analysis process all necessary knowledge abouthp®sibjects has to be integrated into the
knowledge base.

Due to the developed measurement system providesradetypes of data (traditional
tacheometer measurements, LS data, images) we denvded to integrate more than one
object segmentation procedure. We have developedrethods, which are working on the
basis of images, and one method, which is workimghe basis of TLS point clods. In a later
research and development step the choice of ebkuit@ethod depending on object and scene
conditions by means of a knowledge-based approa@nvisaged. More details about the
developed structuring algorithms can be found intdRer et al. (2008).
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3. IMAGE POINT DETECTION

For the task of point detection, the internal caar@rthe IATS captures images covering the
extracted ROfs On the basis of these images, point detection mrdone. Processing
algorithms, which extract interesting points (IPs)e called interest operators (IOPs). They
highlight points that can be easily found by uscwrelation methods. There is a huge
number of interest operators (e.g., Forstner 188i#ris 1988, Moravec 1977), however no
interest operator is suitable for all IP types.

The IOP algorithms implemented in our system camwlassified as intensity-based methods
(see Schmid et al. 2000). These methods go baitietdevelopment done by Moravec 1977.
His detector measures the grey value differencesdam a window and a window shifted in
the four directions parallel to the rows and colsrmnthe image. An interest point is detected
if the minimum of these four directions is supetiora threshold. Today there are different
improvements and derivatives of tNoravecoperator. Among the most well known are the
Forstner and the Harris operator, which represgatrhethods implemented into our system.
Additionally, we have integrated thdéierarchical Feature Vecto(HFV) operator based on a
dense texture matching approach (Paar and Baud).19Be principle functionality of an
IOP is shown in Figure 3.

@) (b) (c)

Figure 3 - Basic idea of an interest operator (Wyaadias and Papasaika 2007) — a window is
shifted over the image: (a) “flat” region — no chas in all directions; (b) “edge” — no change
along the edge direction; (c) “corner” — signifitahange in all directions.

One advantage of the suggested processing seqURe@dedetection and subsequent point
detection) is the restriction of IPs on specifieam (see Figure 4). On the basis of the
extracted image points, measurement in object spaicde performed, which is comparable
to a measurement captured by a conventional tactieorthorizontal anglélz vertical angle

V and distanc®). These values are directly usable for 3D defoionatnalysis.

! The internal camera is used instead of the WA-cardee to the larger image scale and in
consequent the higher accuracy of image point tietec
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Image captured by the Automated image/object Interest point detection
WA-camera segmentation on ROIs

Figure 4 - Processing sequence of image point tiete@n overview image is captured by
the WA-camera. In a second step image/object setgti@mis done. IPs are detected in the
images captured by the internal IATS camera (oicettathe WA-image).

4. DEFORMATION ANALYSIS

For monitoring an object involved in a deformatiprocess, the object and its surrounding
has to be modelled, which means dissecting therzanh by discrete points. On one hand,
these points should characterize the object, orother hand, their movements represent the
object’s movements and distortions. Modelling tieéodmation of an object means to observe
the characteristic points in certain time interdaysmeans of a suitable measurement system
in order to properly monitor the temporal coursetleé movements. The principle of a
classical deformation analysis will be not desdibethe paper at hand — details can be found
in Pelzer 1985. To perform such a classical deftionaanalysis, thaGOCA software has
been used. GOCA (GPS-based Online Control and ARBystem) is a development of the
University of Applied Sciences Karlsruhe (GOCA 2R0f uses data from different sensors
(e.g., GNSS/GPS, total stations, and in the futaser scanner) and is designed for the
mentioned classical type of an absolute deformatetwork.

The software is able to determine the referencatpaioordinates (initialisation) and object
points coordinates (georeferencing) by a netwojksachent. With measurements in different
time epochs the investigation of instable refergmomts and a deformation analysis (trend
estimation, Kalman filtering, Finite-Element-Methd&EM), and, in consequence, alarm
management and further prediction) will be perfadimihe advantage of the GOCA software
is the ability to perform these steps in real-tion@s a near online monitoring process.

The communication between the measurement systdnthanGOCA software is realized by
using the GKA data interface (for documentationttaé interface see GOCA 2007). The
result of this deformation analysis is a list ofrts, which had moved significantly between
the epochs, including the covariance informatiothed deformation.

It is notable that the procedural method of theGAaGsoftware aims to process single points
and their motion. If a classical deformation anilyis proceeded, an interpretation of the
determined deformation (reasons, effects, etc.Ydége done by an expert (geological-, civil-

or structural engineer). The main idea of the defdion measurement system presented in
this paper, is to enable the system to generatarated a interpretation on the basis of the
deformation analysis information.

After deformation analysis has been successfulijopmed, the data has to be prepared for
the mentioned automated interpretation. Until thiage of the process, the deformation
investigation was done for all points measuredhendbjects surface. Now the segmentation
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done earlier in the process comes into operatiofirsA step is to find a description of the
deformation of each ROI. This description is based the splitting of the determined
deformation into its basic motion components by mseaf an affine transformation.

To get the transformation parameters for the wii@, including their standard deviation,
all points of the ROI with a significant motion arandled and a Gauss-Helmert equalization
is performed. A precondition for this processingugnce is a minimal number of three points
per ROI (the distribution of these points in thensidered region is almost irrelevant — see
Lehmann and Reiterer 2007).

To make the extracted numerical values more seittdslthe subsequent processing steps we
use a fuzzification procedure. This procedure tedas the input values (deformation
parameters) into linguistic concepts, which areregspnted by abstraction (“fuzzy”) sets.
Fuzzification is done by means of overlapping i@ammembership functions.

The mentioned method only handles translationsga{@nt,, t;) and rotationsd(, 3, y) around
the coordinate axes.

Because of the preconditions of the ROIs (smallgclased areas with homogeneous
deformations) this fact is not a disadvantage. Hystem follows a local-to-global

information integration strategy and the combinatid the results of the ROIs in a later step
offers the possibility of detecting changes in ihater (rigid body motions) and inner
(distortions, bending) geometry of the object.

To realize such a conclusion about the deformatfothe whole object a deformation pattern
for the object has to be formed by grouping theiltesof the regions. As a grouping by the
specific parameters or/and fuzzy values of the R@iss out to be circuitous and ineffective,
a more general description on the basidedbrmation casewas developed.

A deformation case is a unique combination of fuamjues of the specific motion
parameters. By means of well-known prototypical odefation cases a special kind of
codebook of deformation characteristics can be emphnted. To get the mentioned
generalized description a matching between casdbheirdatabase (codebook) and a new
(unknown) case can be processed by case-basedirep46BR). CBR is a methodology
from the field of Artificial Intelligence that camse different techniques to solve a problem by
using the solution of a similar former problem (&t 1999).

The bandwidth of useable techniques is quite ldrgthis project fuzzy logic and knowledge-
based system techniques are used. Both methods@lemented in our system and are based
on fixed knowledge.

The cases in the case base are artificial proto@ypmombinations of fuzzy values of the
deformation parameters. Thereby all combinationthefmotions (rotations and translations)
are included and also the scaling of the parametesnsidered.

The CBR system compares every case with the casé#iseicase base and determines a
measure of similarity, the so-calledore

The result of the case-based reasoning tool st avhere every ROI is assigned to one of the
prototypical cases. Because of the time-consumingjme of the CBR Shell alternatively a
second system for description generating (hard-@¢cdenparison of the fuzzy values with the
prototypical cases) was implemented. This methaglacates the runtime of the system but
makes it impossible to adjust the case base whesyttem is in use.
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After the generalized description of each ROl wagimed, it is possible to merge these
descriptions to one deformation pattern and makeirderpretation on basis of this
deformation pattern.

As mentioned before a main goal of our researchkwsto extend the classical deformation
analysis to a more global working deformation asmsemt procedure. The subsystems
described are currently in prototype state andgmatted into a common program framework.
Additionally, a deformation interpretation tool Wéxtend the deformation classification part
in the near future. The main task of this intergtien part is to generate assumptions and
hypotheses, which have to be stated and testealtoynatically requiring new measurement
data from subsystems or by asking a human super{iSavailable). Both sources of
information may lead to verification of temporardiated assumptions or hypotheses.

5. CONCLUSIONS

We presented a new kind of optical 3D measuremgstesy. As core component for this
system an IATS is used, which can be extended teyrastrial laser scanning device. The
main task of the development has been the automafidifferent decision-makings in the
course of deformation measurement and -analysis.

The presented system is currently under developnidm vision for the next years is the
development of a fully integrated and automatedsueament system, supported by image-
based measurement and laser scanning techniqusesth@ fusion with other sensors (GNSS,
PMD, etc.) will be a challenging task. Such angnsted system represents an approach for
an automated on-line working system.

The degree of automation can be very high, whepgagecision-making, human interaction
remains an important part of the workflow even tjtothe amount of decisions done by the
user can be considerably reduced to a minimum.

ACKNOWLEDGMENT

The research presented in this paper is suppoytedebAustrian Science Foundation (FWF)
Project P18286 Multi-Sensor Deformation Measurement System Suggdiy Knowledge
Based and Cognitive Vision Techniquearticular thanks to Lucas Paletta from Joanneum
Research who is continuously available for fruitlidcussions.

References

Aamodt, A., Plaza, E. (1994)ase-Based Reasoning: Foundational Issisthodological
Variations and System Approaches, Al Communicatidiis7, pp. 39-59.

Ali, H., Seifert, C., Jindal, N., Paletta L., Pa&, (2007)Window detection in facades
International Conference on Image Analysis and &sing, pp. 837-842.

Bauer, A., Paar., G., Kaltenbock, A. (2008ass Movement Monitoring Using Terrestrial
Laser Scanner for Rock Fall Managemeim Proc. of the First International
Symposium on Geo-information for Disaster Manageimen



easxx'\ﬂ% 13th FIG Symposium on Deformation Measurement and Analysis
W %65 4th IAG Symposium on Geodesy for Geotechnical and Structural Engineering
nat

e c
LNEC, LISBON 2008 May 12-15

Buchmann, P (1996)Entwicklung eines Messsystems zur automatischerarguol
Objekterfassung am Beispiel der BauaufnahbD@K.

Fabiankowitsch, J. (1990utomatische Richtungsmessung mit digitalen Difigoddern
PhD thesis, Vienna University of Technology.

Freund, Y., Schapire, R.E. (199@xperiments with a new boosting algorithrm:
International Conference on Machine Learning, pi8-1.56.

Forstner, W., Gulch, E. (198°A fast operator for detection and precise locataindistinct
point, corners and centres of circular featureim: Proceedings of the ISPRS
Conference on Fast Processing of Photogrammetria, kwitzerland, Interlaken, pp.
281-305.

GOCA (2007) http://www.goca.info.

Harris, C., Stephens, M. (1988)combined corner and edge detectior Proceedings of the
4th ALVEY Vision Conference, University of ManchestEngland.

Lehmann, M., Reiterer, A. (2007Pnline-Chrakterisierung von Deformationen in 3D-
Punktmengen — erste konzeptionelle Ansaine Photogrammetrie Laserscanning
Optische 3D-Messtechnik.

McHugh, E.L., Dwyer, J., Long, D.G., Sabine, C.{8pPApplication of Ground-Based Radar
to Mine Slope MonitoringDHHS (NIOSH) Publication No. 2006-116.

Mischke, A. (1998)Entwicklung eines Videotheodolite-Messsystems zuonzatischen
Richtungsmessung von nicht signalisierten Objelidum PhD thesis, Vienna
University of Technology.

Mpaltsavias, M., Papasaika, H. (200i)age Fetaure Detectigrinternal Presentation ETH
Zurich.

Moravec, H. (1977)Towards automatic visual obstacle avoidanoe Proceedings of the
International Joint Conference on Atrtificial Inigince 584.

Paar, G., Bauer, A. (199®avity surface measuring system using stereo réxxat®n, in:
Proceedings of SPIE Conference on Intelligent Robod Computer Vision XV, USA,
Boston.

Roic, M. (1996)Erfassung von nicht signalisierten 3D-Strukturen YfideotheodolitenPhD
thesis, Vienna University of Technology.

Reiterer, A. (2004Knowledge-Based Decision System for an On-Lineoditd®dolite-Based
Multi-Sensor Systen?hD thesis, Vienna University of Technology.

Scherer, M. (2004)ntelligent scanning with robot-tacheometer and gmarocessing a low
cost alternative to 3d laser scanningf®: FIG Working Week, 2004.

Schmid, C., Mohr, R., Bauckhage, C. (20@®jaluation of interest point detectorint.
Journal of Computer Vision, 37 (2), pp. 151-172.

TSG-20 (2007)ourist Sights Graz Image Databasgtp://dib.joanneum.at/cape/TSG-20.
TSG-60 (2007)ourist Sights Graz Image Databasgtp://dib.joanneum.at/cape/TSG-60.



easu(\ﬂ% 13th FIG Symposium on Deformation Measurement and Analysis
W %65 4th IAG Symposium on Geodesy for Geotechnical and Structural Engineering
nat

e c
LNEC, LISBON 2008 May 12-15

Topcon Website (2007) http://global.topcon.comiml.
Trimble Website (2007, http://www.trimble.com/indagpx.

Walser, B. (2003pevelopment and calibration of an image assisté¢al siation PhD thesis,
ETH-Zurich.

Wasmeier, P. (2003)he potential of object recognition using a seraockeometer TCA2003
in: Optical 3-D Measurement Techniques VI.

Watson, |. (1999)Case-based reasoning is a methodology not a teogpoKnowledge-
Based Systems, Nr. 12, pp. 303-308.

ZuBuD (2007) Zurich Building Image Databasehttp://www.vision.ee.ethz.ch/showroom/
zubud/index.en.html.

Corresponding author contacts

Alexander REITERER
alexander.reiterer@tuwien.ac.at
Vienna University of Technology
Institute of Geodesy and Geophysics
Research Group Engineering Geodesy
Vienna, Austria

10



