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ABSTRACT:

Point cloud acquisition by using laser scannersviges an efficient way for 3D as-built modelling ofdoor/outdoor urban
environments. In the case of large structures,iplelscans may be required to cover the entireesegid registration is needed to
merge them together. In general, the identificatddrcorresponding geometric features among a sefiexans can be used to
compute the 3D rigid-body transformation useful thoe registration of each scan into the referegseem of the final point cloud.
Different automatic or semi-automatic methods haeen developed to this purpose. Several solutiassdon artificial targets are
available, which however may not be suitable in asityations. Methods based on surface matching (I3 and LS3D) can be
applied if the scans to align have a proper gegnagtd surface texture. In the case of urban arfutasotural scenes that present the
prevalence of a few basic geometric shapes (‘Legblacenes) the availability of many planar feasui® exploited here for
registration. The presented technique does notirequtificial targets to be added to the scanremhs. In addition, unlike other
surface-based techniques (like ICP) the planar fediased registration technique is not limited twknin a pairwise manner but it
can handle the simultaneous alignment of multigkns. Finally, some applications are presenteddégsulissed to show how this
technique can achieve accuracy comparable to alidated registration method.

1. INTRODUCTION and those coming from a consolidated solution agsgnted in
Section 5.

In the last years a great attention was paid taéwelopment of
terrestrial laser scanning (TLS) applications inffedent

domains. This is mainly due to the chance to aeqoath large

1.1 Brief analysis of automatic registration techrques

surfaces and fine details in automatic way.

A great attention has been recently paid to recoctson of as-
built building models starting from TLS point clasjdhot only
in the field of cultural heritage preservation, wheurfaces are
usually complex and irregular, but also for largel anedium
size civil structures. In addition, an importanarsition to
Building Information Modelling (BIM) is taking placen the
Architecture, Engineering, and Construction domahEG —
Azhar, 2011). Indeed, in a BIM model not only themetric
aspects are considered, but also semantic and icaddit
information can be included to have a deeper utal@isg of
the existing buildings. Thus, both interiors andeexal fagades
of a building should be properly surveyed.

Due to the large extents of the objects, multiglens are often
needed and their registration is a mandatory t8skce urban
environments mainly consist of planar objects, gisteation
method based on the identification of correspondianar
features between the acquired point clouds canffeetigely
used as an alternative to standard registrationeptores (see a
review in Subsect. 1.1).

This paper presents a new registration method fog t
registration of scans including predominantly plafeatures,
like those captured in indoor building environmemts shown
in next subsection, the possibility of using geatneteatures
for scan registration is a well know topic in thierature and
similar approaches already exist. For this readwm gcan
registration methodology discussed in this papee Sect. 2) is
not revolutionary, but it simply attempts to incseathe
automation degree and the robustness of
implementations. A new segmentation algorithm & tbre of
scan registration technique (Sect. 3). In additmrpomparison
between the results obtained from the presentedhadetogy

Extensive research for developing automatic regfisin
procedures for laser scans has been carried oly. Dbrief
analysis is reported here for the purpose of intcoty the
method addressed in this paper. For a more compsaiee
discussion and overview on the literature on tligid, the
reader is referred to Vosselman and Maas (2010)Bardea
and Filin (2010).

Target-based approaches are the most commonly employed and

implemented techniques in commercial software pgeaThis
solution is also quite popular among practitionekstificial

targets are added to the scanning scene and used as

corresponding elements to estimate a rigid-bodysframation
between two scans (Scaioni, 2012). Targets are mfsigecial
highly-reflective materials and/or with a partiaukhape that
can be automatically detected and matched in amnssc
However, artificial elements have to be added t® skene,
which is not always feasible or economically corieat) for
example in the case of cultural heritage sites,emvipus rock
cliffs, or large settlements. Target-based redistnamethods
usually work in pairwise manner, but also multirsca
approaches exist (see, e.g., Scaioni and Forla&d03)2 In
addition, targets may introduce systematic erroas heed to be
properly modelled in high-precision applicationslb® et al.,
2008).

In many applicationssurface matching techniques are used for
scan registration. Among all these methods, thratitee Closest
Point (ICP) algorithm (Besl and McKay, 1992) and its
improvements (see Rusinkiewicz and Levoy, 2001hésrhost

previousxploited algorithm. ICP for point cloud registoati works

without any pre-knowledge about the point-to-point
correspondences, except a preliminary rough pggxaléent
which can be carried out by manual identificatidnab least

This contribution has been peer-reviewed.

doi:10.5194/isprsarchives-XL-5-501-2014

501



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XL-5, 2014
ISPRS Technical Commission V Symposium, 23 — 25 June 2014, Riva del Garda, Italy

three corresponding features in a pair of scans.d§€Bblishes
point-to-point correspondence iteratively basedh@nminimum
Euclidean distance. If the initial values are gasobugh, this
procedure usually quickly converges. ICP is a paewi
registration procedure and cannot reliably handtaaneous
registration of multiple scans. This results in gnepagation of
registration errors when more scans are acquirdcadded to a
project. A multi-scan ICP solution was proposed biflisvns
and Bennamoun (2001), but in the knowledge of thbaas it
did not follow up into regular practice.

Another surface-based approach is the Least Squaies
Surface Matching (LS3D) method proposed by Grueh/kcta
(2005). LS3D estimates the transformation pararseteone or
more 3D search surfaces with respect to a templat@n be
considered as an extension of the Least SquareshMgt
(Gruen, 1985) algorithm developed for
corresponding points in images. In LS3D the mination is
carried out using the sum of squares of the Euafidéistances
between the surfaces. Also a solution incorporatiager
intensity values in the registration process wasppsed in
Acka (2007).

Other registration techniques exist that are gdiyeegpplied
only for scientific purpose, even though their e is
remarkable. For examplelaser intensity-based techniques
(B6hm and Becker, 2007; Wang and Brenner, 2008; Kaaj,e
2009) fall into this category. Some correspondiegtdires are
detected in automatic way in the intensity imagleat tare
associated to points in a 3D scan. These pointthareused as
in standard target-based approaches to estimdberaid body
transformation. The main advantage of this techmiguthat no
artificial targets are required. However, a gooxture and a
large overlap are generally required to provide ufficent
number of reliable correspondences (Alba et afl,120

In Al-Manasir and Fraser (2006) a camera mountedopnof
the laser scanner is used for scan registratiodedd, the
relative orientation between images taken from edft
stations provides the transformation when the imahip
between camera and laser coordinate systems isrkngven
though the use of RGB images for scan registratiaghivbe
useful in some applications, some laser scannerotibave an
integrated digital camera. However, additional carsations
are required to strengthen the network geometryptado to
compute the registration parameters of each scatiorst as
proposed in Moussa and Fritsch (2014). In additimapping
between imagery and point cloud might suffer from- c
registration errors and from different spatial tasons of both
datasets.

In recent years, the availability of laser scanrsipped with
tools enabling thedirect georeferencing has increased the
interest towards this technique (Lichti and Gord@904;
Scaioni, 2005). Generally speaking, a laser scaheeomes a
sort of theodolite: it can be mounted on a tripadd then the
instrument is setup in horizontal position usingudble level or
an automatic inclinometre. The orientation in therizontal
plane can be estimated with a telescope or a referearget.
The alignment of multiple scans is accomplishechgisihe
traversing technique.

Finally, geometric feature-based registration techniques are
presented in the literature (e.g., Dold and Brenrg)06;
Rabbani et al., 2007; Wang and Brenner, 2008; andGtor et
al., 2011). Indeed, man-made and urban environnmmaisly
consist of objects that can be modelled by usisgteof a few
well defined geometric shapes. Determining thesfiammation
parameters of different scans can therefore be dbase
geometric features present in the scene (Dijkmahwvam den
Heuvel 2000). Compared to standard surface reg@trat

approaches (like ICP), registration with featurdloves for

global registration.

It deserves to be mentioned that the integratidwdsn point
clouds at non-homogenous resolution is sometinwsined, for
example when laser scans acquired from differesifqaims or
techniques (e.g., laser scanning and photogramjieire to be
merged. Special solutions have been developedidpthpose
(see, e.g., Novak and Schindler, 2013).

2. SCAN REGISTRATION OVERVIEW

The aim of this research was to develop a registranethod
for laser scans gathered inside a building roontHerpurpose
of modelling the indoor geometry. After exclusiof wsing

measuringtargets which require additional workload for theéployment,

the decision fell on the exploitation of the mairoperty of
building indoor rooms, i.e., the prevalence of plafeatures.
Also the adoption of ICP-like methods was discartledause
the poor control on the quality of registrationdéed, as noted
by Bennamoun and Mamic (2002) ICP just produces
registration without giving any information aboetiability and
confidence of the estimated registration parame@osversely
the presented approach is a direct applicationeafst Squares
(LS) fitting and gives a full covariance matrix thfe estimated
parameters.

The developed scan registration procedure baseglamar
features (see workflow in Fig. 1) works out theusioh in the
following four steps:

1. points are labelled as belonging to a certain plana
object. This is done for several objects in diffgre
unregistered scans. This step can be automated by
using the segmentation algorithm presented in &ecti
3;

Unregistered Point Clouds l

|

Segmentation ‘

!

Model Fitting \

l

Detected planes parameters l

|

Correspondences ‘

identification

|

Least Squares minimization '
of planes parameters

!

Registration parameters l

Figure 1. Workflow of the developed method for scan
registration with planar features.

2. a LS fitting algorithm calculates the object partane
for every object in each scan;

3. correspondences between planes belonging
different scans are established using exhaustaeise
in the parameter space. In particular, the process
operates between a couple of scans identifying a

to
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minimal set of correspondences. In the case ofgglan value 1, while others value 0. This raster mapvaldinding
a minimum of three correspondences are requiredconnected regions of pixels featuring value 1. Th#rpoints
This minimum set is used to demine an initial whose projection belongs to the same connected coemp are
approximated registration values between the scasclustered.

pair which are then used to evaluate correspondencéOnce all planar elements are detected, the extragtnes are
between all other planes. Between all the computedlustered together to reduce over-segmentation lgmeh
solutions the one maximizing the number of Object clustering is performed by evaluating thpaeameters:
correspondences is used; and (i) similarity of normal vectors; (ii) perpendiculadistance

4. the final parameters of 3D rigid-body transformatio between planes; and (iii) intersection betweentetgs

are estimated by LS.
In the next sections the developed segmentatiocepioe and

the LS fitting of plane parameters are chiefly feed, since the
other steps of the developed approach are quitelatd tasks.

3. PLANAR FEATURE SEGMENTATION

A first step towards scan registration is the ideation of all
planar features in the scene. Detection of plargeats is

accomplished by using a specifically modified RANSAC

algorithm (Fischler and Bolles, 1981). Workflow shown in
Figure 2.

This implementation is aimed at reducing spurioesults
obtained by the standard sequential RANSAC segmentais
reported by several works in the literature (Bowah®t al.,
2008; Awwad et al., 2010). Those bad-segmentatioblems
can be categorized into under- and over-segmentatioder-
segmentation is generally due to the fact thattgaiesulting in
the maximum consensus to RANSAC may belong to diftere
objects. Over-segmentation is generally associatttdnoise or
irregularities in the data set that are not evaldain the
RANSAC estimation of inliers. This may result in aowg
subdivision of a single element into several olgject

To partially overcome the previous enlisted limdas, a new
automatic approach is presented for the segmentafiplanar
surfaces based on the combination of RANSAC esgion-
growing techniques (Sapkota, 2008). The aim of this sjsaie
to derive ‘meaningful’ segments from building poicibuds.
This means that extracted segments would corresgond
semantic objects of interest (e.g., floors, walisofs, etc.)
instead of selecting those which simply best fimsoblind
mathematical models. This hybrid strategy allowsnbiming
the robustness of RANSAC with the spatial proximised in
region growing methods. Indeed, in contrast to ioresly
published methods (Tévari and Pfeifer 2005; Rabb2606)
the segmentation results are not dependent oneleetion of
‘seed’ points because the estimation of planar segns
performed by using RANSAC. In addition fewer parametge
required with respect to the region-growing impletagion
presented in Vosselman et al. (2004), where thecteh of
slightly different values of control parameters magult in a
large variety of bad-segmentation problems. Onother hand,
the developed segmentation procedure that incagmra
topology information is able to solve for the ar#i situations
reported in Boulaassal et al. (2009), for instance.
In particular, under-segmentation is reduced intoigy
information about point topology. Indeed, evenafris are not
usually related by any topological relationshipaipoint cloud,
we can assume that points belonging to the sanexibfiould
be sufficiently close to one another, while growgspoints
belonging to different objects should be interspadeor this
reason, point cloud proximity is evaluated by usingDbinary
occupancy raster map (BORM) where occupied regions are
assigned value 1. To work this out, points beloggothe same
plane are projected orthogonally onto a bitmap.piels in the
bitmap containing at least one projected point assigned

TLS Point Cloud

RANSAC

A

Maximum consensus
plane
Connected
componet analysis

Connected components

Un-connected points

Connected
component size

Segmented model

Figure 2. Workflow of the developed segmentatioocpss for
planar features.

4. SCAN REGISTRATION
4.1 Formulation of the registration problem

The registration problem between two scans is Usual
formulated by assuming one as reference (or ‘masiad the
other as a ‘slave’ to be mapped on it. Six pararsatasted in
the spatiatotation matrix R and the 3D shift vector are used to
define a rigid-body transformation to map featuréer
example, points or planar features) from ‘slavéFg) to
‘master’ {F}):

{F}=

In the case more than two scans have to be registegether, a
block approach may be used to entail also featwmdsh are

visible on multiple scans (i.e., in more than two)this case a
different formulation of the registration problera needed,
keeping into account thatghobal reference system (GRS) has
to be introduced. Such GRS may be the referencemyst a

single scan, as in the previous case, or may bmedety

introducing external (ground control points) oreniconstraints
(Dermanis, 1994).

R{F}+T (1)
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where{Fgrg are the estimated features in the GRS}, are the
observed features in theéh scan, andR; and T define the 3D
rigid-body transformation from the reference systnthei-th

scan to GRS. Several Eq.s (2) can be incorporatediisystem
of equations including also pseudo-observationsetup the
datum definition.

4.2 Implementation with planar features

As previously discussed, in urban environments mainjgcts
consist of one or more planar faces, which can $exd Uor

registration. Describing a plane by the normal eent= [n, n,

n,]" and the perpendicular distance from the origitFig. 3)

provide a singularity free representation for iitérplanes (Van
den Heuvel, 1999). This representation is also knew Hesse
form of the plane and is more suitable for the b&ion than

other parameterizations.

Y

V4
Figure 3. Parameters of the plane in the pararnzetésn
proposed in Van den Heuvel (1999): normaind distance
from the originp.

Once a plane is detected by means of the segnantttategy
presented in the previous Section, its equatioesténated by
means of LS fitting. In particular, given a genepne in the
form:

ax+by+cz+d=0 (3)

the normal vecton = [n, n, n,]" is simply determined observing
that:

a
n. =

X /a2+b2+cz
b

Va2 +b?+c¢?

c
va? +b? +c?

As a plane has only three degrees of freedom, atiint on
the length of normal vecteris introduced:

n|=,/nZ+n2+n’ =
[ =nic +nj +nz =1

while the distance of the plane from the origis (Gellert et
al., 1989):

ny = 4

n,=

®)

_ d

= 6
P va® +b? +c? ©

The estimation of registration parameters is oleiby LS
minimization of the sum of squared differences. iatatically
it can be expressed as follows:

C
ml{n Z[LPR,T (ni,l’/)i,l)_qJR,T (ni,Z’Il)i,Z)]2 (7)

where there are C correspondences between plaregbeg to
different scans. Each correspondence is establisbieeeen two
objects 1 and 2.¥gr is an operator that applies the
transformation, defined big andT, to the plane parametemng
andpix (h = 1,2). In the following, the case of co-regisibn of
two scans is proposed, based on Eg. (1) modelsimidar way
is also possible to deal with multiple scans, ushe model in
Eq. (2).

Each plane provides three equations for the diffezealong the
components of the normal vectoy and one equation for the
difference along the distance from the origin

ncr:nl_(RL_mz)

Ps = P2 _Pl+(R mz)lj

(8)
)

From Eq. (8) it is possible to observe that themmadris only
affected by rotation, whereas Eq. (9) shows thatctimnge ip

is a function of both translation and rotation bétscan. To
solve the non-linear LS problem in Eg. (7) the GaNswton
method is wused after linearization. In particulaby

parameterizindgR with Euler angleq?, ® andK, a system of
Egs. (8) and (9) can be linearized as follows:

AlAX=0+v (20)
where the design matri is:
[on 0 1
0,X pé,x apd,x 0 0 0
0Q o oK
e w0 0
A= (11)
on )
0,z IOJ,Z apd,z 0 0 0
Q o oK
s 0ps P 0P s OPs
| 0Q fGl0) oK oT, T, 0T, |

The partial derivatives of Eqgs. (8) and (9) witlspect to the
registration parameters are evaluated with respettie actual
approximate values!x is the vector of unknown corrections to
the approximate values of the registration pararsete

Ax=[dQ do dK dT, dT, dT,] (12)

Vector § contains differences between measured and computed

plane parameters on the basis of approximate values
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By parameterizindR with Euler angles, the partial derivatives scanner (www.faro.com), which is based on phasi-shi

with respect to rotation are as follows: principle for range measurement. Some technicaipations
are reported in Table 1.
an, R an, R an, _oR The scene is a university classroom, whose dimasséwe 8

(14) mx4.5 mx3 m. Each scan (Fig. 4a) consists of 28amipoints
resulting in average point density of about 1pt/3rifitte scans
were segmented and planes recovered using the aabpro

O _(OR Vg.0ps _(OR 5.0 _(OR )L (15) presented in Section 3. In particular, the pararsetsed to

a0 laa 2] "o 2|5 TLaK 2 segment the two scans are presented in Table 2.sa@he

parameters are used for both scans to have a emdocuracy
in the estimation of planes.

The number of recovered planes in Scans 1 and P5aaad 16,

respectfully. Among these, 14 were matched. Thedinate

system of Scan 1 was defined as the GRS. The figalas
an()‘ _ naught &g) of LS solution was 3.0 mm. The theoretical

T T (16) accuracy of transformation parameters obtained frbra

5 - estimated covariance matrix is reported in TableS8me

Ps _ relevant steps of the registration procedure amphycall

PG DhZ)EL A7) shown in Figﬂre 4. ’ P eiyealy

To register the same data set, artificial targetsewused and

As can be seen from Egs. (8) and (9), planes danéritoT resglts g:ompared to the ones obtained from the Iqwd
only for the direction of the normal vectar For example, a 'édistration method. By using target-based alignmargigma
plane which is parallel to the X axis will contribuonly in the ~Naught of 2.0 mm was obtained. The difference betwhe
estimation of J, while no contribution will be given in the translation vectors and the Euler angles obtainmed fboth

estimation of T and T, For this reason, planes should be eVemyre_gist_ration techniques directly provides inforroatiabout the
distributed on the scene in order to allow a prastimation of mlsallgnment (Tab. 3).' A further check was p(_arfoujnm_l the
T. A good environment for the presented scan registr coord_mates of the_art|f|C|aI targets measured mﬁwbprqje_cts,
strategy is represented by indoor scans. Indeedudh case Showing a mean difference of 2.1 mm and a standevétion

o - a0 N2 S N2 s o e
0Q 0Q 0P 0P oK oK

0D

For translation vectoF the partial derivatives are:

room’s walls, floor and ceiling give a robust plammnfiguration ~ ©f 0-9 mm.

for registration purpose.

The proposed cost function presumes equal weighéind _
uncorrelated object parameters. These assumptiagsnot be Range me‘?‘sur?ment mode Phasi-shn‘t
appropriate since significant differences in par@merecision gnpgeljﬁ;:c}rre]ioﬁggs O%_Oogoo m

and large correlations between parameters may, eldpending Measurement speed 120.000 = 576.000 points/sdc
upon data coverage of the object. These correlatiam have — 0.6 mm (90% reflectivity)
negative effects on the convergence of this proeedlihis Precision at 10 m 1.2 mm (10% reflectivity)
problem can be tackled by weighting the equatiosiaguthe . 0.95 mm (90% reflectivity)
inverse of the covariance matrix obtained durirapplfitting. Precision at 25 m 2.2 mm (10% reflectivity)

Table 1. Technical specifications of the adoptedREAFOCUS

5. APPLICATIONS AND ACCURACY EVALUATION 3D laser scanner.
The procedure for scan registration through the afsplanar RANSAC plane threshold 1cm
features was applied to building indoor data se&wirly RANSAC normal threshold 10 °
different characteristics in terms of network getinand point Bitmap cell sizeh lcm
density. Two examples are illustrated here to pretiee main
advantages and disadvantages of this method in cas¢ Table 2. Parameters used for segmentation of dtga s
studies. ‘Classroom’ and ‘Office room’.

5.1 ‘Classroom’ data set

The first example consists in the registration dfirgle scan
pair. These data were acquired with a FARO-FOCUS&lerl

Scan Q (gon) @ (gon) K (gon) Te(m) Ty (M) T,(m) #eatures
Estimated value 0.02349d  0.111666  209.87202 2.198 -2.134 0.002
5 Theor. Accuracy 0.0019 0.0014 0.0018 0.00015 0.000P2 0.00011 1
Departure from 0.0037 0.0025 0.0021 0.00057 0.0003p 0.00051
benchmarking resul

Table 3. Statistical results for ‘Classroom’ data se
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Figure 4. ‘Classroom’ data set registration reslléser intensity images from bot scan stationss@gmentation results for Scan 1
(b) and Scan 2 (c), where corresponding segmeatsepresented with the same colour; estimatediposibf scan stations (d); scan
alignment before (e) and after the registration (f)

5.2 ‘Office room’ data set The coordinate system of Scan 1 was defined as GRSfinal
3D global adjustment of all scans was performeagigioint

The second example consists in the contemporaistragon of  correspondences as described in the previous sedti® final

three scans of an office room (Fig. 5). The room issigma naught was 3.2 mm. Table 4 presents the am@nd

approximately 12 mx8.5 mx3 m. Each scan consiststbf deviations of registration parameters.

million points resulting in average point density about  Also in this case a comparison to target-basedstragion was

1pt/Imm. Also in this case the scans are acquitiétl FARO-  accomplished (see Tab. 4). Differences on artifit@gets

FOCUS 3D laser scanner. The parameters used for thghowed a mean difference of 2.4 mm and a standavigitebn

segmentation of the scans are the ones presentebia 2. The of 1.0 mm for Scan 2 and mean difference of 3.1 amd a

number of recovered objects in Scan 1, 2 and 8,id2 and 22,  standard deviation of 0.9 mm for Scan 3, respegtive

respectively. Among these, 9 were matched acrossahs, 15

between Scans 1 and 2, 13 between Scans 2 andd31&n

between Scans 1 and 3.

/ o's'can 2
p

A "“ﬁﬁ&}

KB o

Scan 1 "k F"""'.=
3 .

Figure 5. ‘Office room’ data set registration résuAn overview of the office room (a); segmentatiesults for Scan 1 (b), Scan 2
(c) and Scan3(c), where corresponding segmentepresented with the same colour; estimated pasitid scan stations (e); and
scan alignment before (f) and after the registre(@).
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#features | #features
Scan Q (gon) | @ (gon) K (gon) T(m) Ty(m) T2(m) in 2 scans| in 3 scans
Estimated value 0.2588( 0.11833 292.07185 -4.808 5990. 0.001
Theor. Accuracy 0.0019 0.002(Q 0.001¢ 0.000R0 0.50010.00023
2 Departure from 18 9
benchmarking 0.0028 0.0045 0.0038 0.0005p 0.00041 0.00041
result
Estimated value -0.05979 0.33341 218.57%19 -0.4R7 .9923 0.002
Theor. Accuracy 0.0010 0.0018 0.0017 0.000p7 0.90010.00013
3 Departure from 20 9
benchmarking 0.0037 0.0041 0.0024 0.00048 0.0005%7 0.00048
result

Table 4. Statistical results for ‘Office room’ datet.

6. CONCLUSIONS

This paper presented a method for registrationairfitpclouds

taken from different viewpoints on the basis ofresponding
planar features. The developed technique makesofisan

automatic segmentation algorithm that labels thatpoof a

scan as belonging to a certain planar object. Oplemar

elements are extracted, correspondences between #re

established. Registration parameters are then eatécliby

means of a non linear estimation process whictaget on the
minimization of the orthogonal distances of the npla
parameters. An important aspect is the possibilda§

simultaneous registration of multiple point cloudfus

mitigating the accumulation of errors resulting nfrothe

concatenation of pairwise registrations. The preskemethod
was applied to a couple of test data sets from ratoar

university site, and the acquired scans were rgidtby using
only the modelled objects. Additionally, qualitytiezates in

terms of theoretical accuracy of scan and objecamaters
were computed.

Finally, we compared the presented approach togetthased
standard implementation. Results showed registragtatistics
comparable to the ones obtainable by using targets with

precision of the adopted instrument. This is magilen by the

fact that the indoor scenes typically present & higmber of
planar features with a good spatial distributiorlsoA their

geometrical distribution was optimal for estimatinga reliable

way the registration parameters. Indeed, planes wesenly

distributed in all directions. Scenes with a lowamber of

planar features and a non-regular distributionlahes in space
would give significantly worst results. This pretea large and
extensive use of the presented solution for regismm of

outdoor scenes. Indeed, in such case only few twatidt planes
are expected, preventing a reliable estimatiorhdfssalong the
vertical direction.
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