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Abstract—Change detection is an important application of laer

scanning data. It is also a challenging applicatioms errors that

are inevitably present when determining the geomeit state of a
scene of interest in a certain epoch will somehowdd up when

comparing the geometric state between epochs. Agansequence
it is often difficult to distinguish real changes fom differences

caused by measurement and/or processing errors. Qap of that,

data volumes are rapidly increasing. Therefore sucesful change
detection methods should not only be robust againgrrors but

also computational efficient. In this paper a not Bcessarily
complete overview of recent methodology is given &h is

presented in connection with the applications condered by the

original authors.
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. INTRODUCTION

Since laser scanning matured as a surveying mettmgo
people have tried to identify changes in a sceneroran
objects surface from repeated LIDAR surveys. Adyuethange
detection, deformation analysis and structural hooimg is
different terminology for strongly related topicBor laser
scanning all these topics have in common that athgare
point clouds of the same scene or object, but aeduat
different epochs. From these comparison conclusiare
drawn on the local geometric state of the objectscene.

Before point clouds are ready to compare, the irgint
clouds have somehow been acquired and aligned. fidmata
each epoch may have a different error budget, ist wases the
quality of point cloud data is even strongly vagyiwith the
location within the point cloud [1]. On top of thatlditional
uncertainty is introduced by the alignment procedarprocess
also referred to as registration. This setting fdrange
detection and related methods for point cloud compa
exists for several years now and different methoglplexists
for dealing with challenges like data blunders, artainty
variations, occlusions, varying point densities afetecting
changes of individual objects

In this paper a review is made of both establishethodology
and recent methods triggered by two recent devetopsnthat
add more challenges to the topic. First, equiprientpoint
cloud acquisition is quickly spreading: laser mehihapping

systems, Kinect range cameras and smart phonesg(usi
photogrammetry) are three relatively new sensotesys for
acquiring points clouds. As a consequence it besdiegsible

to combine and consecutively compare point clouttpiiaed
from completely different sensors. The second ehgk is the
recent increase in data volume. Notably laser raatidpping
systems sample complete cities at a rate and peimgity that
makes it very difficult to extract the potential ioformation
contained in the data.

There are also two developments that are diregtgered
by the maturing of the laser scanning technologgst,Fmore
methods become available to characterize the gualft
acquired data. The availability of such methods marates
data acquisition and processing, as these moreisticpted
method should be integrated in the workflow. Butacly the
error bounds of the results can be reduced togettitr
reducing the error bounds of the input data. Anothe
development is that laser scanning becomes morenword
known as a surveying technique to a wider audiefdte
consequence of this is that laser scanning is ritam only part
of a bigger project. For example, the result csel scanning
survey could be used to set boundary conditions dor
numerical simulation.

The different methodologies and developments are
illustrated on applications like change detectiantunnels,
laser archive updating and street inventory moimi¢pr

II.  METHOD BREAKDOWN

In Chapter 7 of [2] | already presented a firstadown of
methodology aiming at change detection and defdomat
analysis. This division in approaches is first $lyorecalled.
Then for each type of approach new methodologprésent
and identified, is discussed. Finally it is consatkif totally
new approaches exist or are needed.

A. Preprocessing: registration

in a complex scene.

In the following it is assumed, if not stated difntly, that
point cloud data representing the same locati@vaslable for
at least two epochs. It is also assumed that mbintds are
represented in the same local or global coordisgstem. In



practice this means that already some preprocedsiak
place, often dependent on the method of acquisition

Point clouds acquired by a mobile platform, such aas
airplane or a car are typically directly georefemh which
means that the position of the platform in a glatdrdinate
system is obtained by a Global Navigation SatelBiestem
(GNSS) and its orientation by an Inertial Measureirignit
(IMU). The global coordinates of a point whose aligte to the
platform is measured by laser ranging is then abthiby
combining all measurements together with the oaigon of
the laser at acquisition time. In contrast, panacastans
obtained from a static viewpoint are typically catenated to
form a larger point cloud by 3D matching. InitiaBych point
clouds are in a local coordinate system. If neagssa
conversion to a global coordinate system can beentad
incorporating known global coordinates of targeisible in
the cloud. Specific methods are discussed in Ch&pbé [2].

It is important to note that the processes of tegfisn and/or
georeferencing add to the error budget in a pdaticway.
When concatenating scans, but also when applyirgrip
adjustment, i.e. the fine matching of points froiffedent
flight lines in airborne laser scanning, most oftese is made
of a rigid body transformation. Such transformatiatates
and translates one point cloud in such a way thaptimally
matches another point cloud. When comparing regidtdata
from different epochs this process notably resuits
systematic shifts resembling changes at locatiansthie

blocked, no point is recorded. In [3] the effectoatlusions is
mitigated by explicitly determining the overlaparrepeatedly
scanned scene of a metro tunnel. At locations where
corresponding planar segments were found, appgnentiarge
change took place like the placement of platformifure. But

at these overlapping locations still a detailedodwehtion
analysis can be performed to identify possiblelsutitanges at
the millimeter level due to e.g. changing moisttweditions.

D. Poaint-wise deformation analysis

Point-wise deformation analysis aims at quantifyaiinges
at the level of single point locations. These laoa may be
the individual scan points of one epoch, or mayheé point
locations of some regular grid. In both cases radufes like
cars, boulders or traffic signs are identified lbefapplying
the deformation analysis.

Point-wise deformation is illustrated in Figuresafid 2. In
Figure 1, two point clouds sampling two differeatllsoats of
the Laser Class are shown. As this is a one-dedags of
boats, two different boats should still have a vsimilar
shape. To verify that similarity for these two Imaioth were
scanned and the resulting point clouds were crogpet that
only points representing the respective boats neachi The
two cropped point clouds were subsequently regidtersing
the Iterative Closest Point method [1]. After thia¢ distance
of each pointp of the second point cloud to the first point
cloud was determined by (i) finding the poumptin the first
point cloudmost close tg, and, (ii),determining the distance

matched point cloud away from where the matchesewerof p to a plane fitted through a suitable local neighbod of

made. In georeferencing, errors in the positioniagd

orientation directly propagate in local varying s in the

resulting point clouds. Both georeferencing andistegtion

errors are often at the millimeter to centimetereleand are
therefore often higher than the error in the lasege, and are
as a consequence easily misunderstood as change.

B. Overview of approaches

In [2] | make the following distinction between chuge
detection and deformation analysis. Change detetdioks for
a binary answer, is a situation changed or nathéstree still
there or was it removed. Deformation analysis lofds a
guantified change: How much did the tree grow ne¢hyears?
Essential for choosing a method to answer eithetheftwo
different questions is the expected signal to noto. If
changes are large and obvious, a simple and efficrethod
should be used. Only start using more involved oathvhen
this is required by the application. If in doubtars easy, for
example by using only part of the available poiratsd use
more advanced methods only if the initial resultficate so.

C. Change detection

As stated above, the purpose of change detectidio is
determine if the geometric state of a scene hasggth One
particular challenge connected to this topic isdistinguish
between changes and occlusions.
determines the distance from the laser device @ostiene. If
the line of sight of the laser device to a partttef scene is

This work is supported by the FP7 IQmulus projgeP{-ICT-2011-
318787), which aims at building a high-volume fusendanalysis platforr

for geospatial point clouds, coverages and volume#ta sets

g. The resulting differences are shown in Fig. 2, whexd
corresponds to small differences and green to Hdarge
differences, still only in the order of a few mifieter.

In [4] a sandy beach is scanned several times frofixed
position by a terrestrial laser scanner. Such sranperates in
a spherical way. Variation in the horizontal plasebtained
by the rotation of the scanner head around itsicatraxis,
while variation in the vertical plane is obtaineg b fast
rotating mirror. If such scanner is placed overadmost flat
surface like a beach the local point density widcbase
rapidly with increasing distance to the scannereréfore a
subdivision of the point cloud in a Cartesian 2 gvill also
result in a large variation in the number of scaim{s per grid
cell. This variation can be avoided by using a sphé grid
similar to the organization of a panoramic scarm idepth or
range image. A range image is an image where tkel pi
values represent ranges and the pixel locationggponds to
the way in which the ranges were acquired. For reozamic
scanner the pixel location corresponds thereforethe
horizontal and vertical angle at which a rangeeitedmined.

Laser ranging slway



Figure 1. Point clouds of two different Laser Claagboats.

In the beach example time series per spherical piere
analyzed for change. In [5] a similar organizatiora range
image is used to efficiently detect changes on peatedly
scanned building facade. A large advantage of wgrkiith

range images is that it reorganizes an irregulartppboud in a
regular image or array which enables fast neighimah
identification. Therefore the use of range imagesone
approach to cope with large data volumes.

E. Object-oriented deformation analysis

The strong point of laser scanning is its abilifyaoquiring a
large number of single points sampling the geometirya

scene in a short time. A static scanner typicaltguires

millions of 3D points in a few minutes. Many mandea
infrastructure consists of a concatenation of gddme
primitives like notably planes and cylinders. Pkrferm

streets and walls and roofs of houses while cylsiderm

poles of street furniture and pillars supportingldings. A

point cloud representing a flat wall sampled at éten by a
static or mobile laser scanner will also consishofdreds of
thousands to millions of points. Still only threeims not

sharing a line are sufficient to uniquely definplane.

This large measurement redundancy demonstrates

potential of laser scanning for object-orientedlgsia. In this

case the objects are either the components condsppto a

single primitive, like one flat wall, or one cyliadas part of a
light pole, or complete objects like a full facadmssibly

composed from several walls and or a completeettamap.

Figure 2. Point-wise differences between the twimtpdouds in Fig. 1, after
registration.

F. Morphological maps

In [6] the notion of morphological map is used tertify
seismic-induced building deformations. A morphotagimap
consists of the point-wise deviations from a geoimet
primitive like a plane or cylinder. In that senseohsider this
method as belonging to the class of object-oriented
deformation analysis. The advantage of considedagations
with respect to such primitive is that point claegjistration is
not required: if point clouds from two epochs avaikable, the
deviations from the geometric primitive in the fiepoch are
simply compared to the deviations to the correspand
primitive in the second epoch and a direct cloudchoud
comparison is not necessary.

In [6] it is even argued that it is not necess@rysample a
scene before and after an event like an earthgteldentify

changes. Most buildings are constructed anywaydéh & way
that walls are vertical and planar and thereforéadi®ns in

the plumb line or in the local planarity of wallarcoften be
related to the impact of high energy events suchaas
earthquake, notably if there is additional inforimatavailable
considering the state of a building before the even

”&E Linksto structural analysis of detected deformation

As the field of laser scanning matures, more asidlnking
laser scanning to other applications appear. Thseeh
examples are [7], [8] and [9]. In [7] it is dedmwd how
terrestrial laser scanning is used for the apptioadf damage
detection and volume change analysis for a fullesca
structural test in a laboratory setting. [8] coestd
deformation on towers as does [6], but this papgdiatly
links the deformation as measured from the scama dat
theoretically expected deformation as obtained feinite
Element Model (FEM) analysis of the possible impatta
sequence of seismic events. In [9] a combinationasér



scanning, close range photogrammetry, ground pesiregr
radar and FEM is described to document the stractiate of
historical arch bridges.

H. Incorporating measurement geometry

As stated above, [6] discusses the possible deta@maf
high medieval towers. These towers with heightsashetimes
close to 100 m were scanned from a low positionhwit
inevitably leads to an unfavorable incidence arg]eAs the
expected deformation signal in the study in [6] walso
relatively small, a detailed study of the impacttf incidence
angle on the signal to noise ratio is incorporatedthe
deformation analysis by considering point-to-palifferences
between scans from the same wall but acquired iff@rent
scan locations. Therefore this paper is a good plaon how
progressing knowledge on the impact of measuremerﬂ]
geometry on the data quality should be incorporated
measurement setup.

I.  Sensor Fusion

There are different ways in which sensors can seduo aid
in the detection of deformation. [10] describes athd to
obtain deformations in tunnels where projected rlgadses
are photographed and converted to a 3D profile in a
photogrammetric procedure. This method is quiteilsimo  [4]
the principles that are applied in range camerasompletely
different fusion approach is described in [11].this paper
scan data obtained before and after a landslide@mared
to obtain an estimation of local erosion and ddjpsi
volumes. What makes it interesting is that thet ficquisition
was made by airborne laser scanning, while the rgkco
acquisition used terrestrial laser scanning. Comeparof the
data was hampered by the presence of dense shgekatien
which had to be removed by an advanced filteringragch.
In general the large difference in looking angleimy data
acquisition may cause problems when combining aidand
terrestrial data as areas where overlap occurs imay
hampered by unfavorable scanning geometry.

(2
(3]

(5]

(6l

(7]

(8]

Ill.  CONCLUSIONS

(9]

In this report a short review of recent methodsirgrat
detecting changes from laser scan data is giveranikeile
literature on a variety of methods and applicatisnavailable.
When starting a project first the signal to noistios should be
assessed. That is, an inventory should be madeafxpected
changes compared to the expected quality and redegdof
the point clouds. If the expected changes are langeobvious,
a straightforward and efficient method can be ubatlignores
the data quality. If on the other hand, changesapected to
be small, the measurement geometry is unfavorablé a
outcomes are critical, a careful measurement detnpeded in
combination with a possibly stochastic approacht tha
systematically propagates quality of the input datards the
results, by considering the local effect of eaabcpssing step.
It should also be considered if it is possibledavie out some
typical processing steps like registration, to ewtbie additional
uncertainty it will introduce to the work flow.

[10]

[11]
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