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ABSTRACT:

This paper presents a method for automated poirdelo-map registration using a plane matching tepler The registration is

based on estimating a transformation between afggines inferred from the map and their corresipog planes extracted from
the pointcloud. A plane matching algorithm is depeld to search for corresponding planes in thetglound and map coordinate
systems, and estimate the transformation betweerdhresponding planes. The search for correspaeddakes advantage of an
initiate-and-extend strategy to avoid high compatel cost of an extensive search. The searchegyas further strengthened by
using a linear model for the estimation of the $farmation. The plane matching algorithm is showrpérform robustly in the

presence of outlier and missing planes, and achieeeiracies in the order of centimetres as the naistance between the

transformed pointcloud planes and the map planes.

1. INTRODUCTION

Virtual reality models of urban environments argaative
means for municipalities and government bodies lirash in
town planning. A recent trend in the generatiowridfial city
models is the integration of panoramic images,esgtrial
laser scanner data, and existing 2d maps. Theratieg of
these data sources essentially involves a mapereferg
step, where texture-mapped pointclouds of buildirgs
referenced to a large-scale map containing building
boundaries. Automated methods for the registratan
pointclouds to maps are of great interest as theyspeed up
the generation of virtual city models and redueedbsts.

The common procedure for transforming a pointcléoich
reference coordinate system is georeferencing mgusPS
or other position and attitude measurement instnisne
There are two main approaches to the georefererdfitige
terrestrial laser scanner data: the indirect appraand the
direct approach. In the indirect georeferencingrapgh, a
minimum of three control points within the scanraeda are
signalized and measured in a reference coordingtem
using a GPS receiver and/or a total station, aedpthsition
and attitude of the scanner with respect to thereetce
coordinate system is determined using a 3D reseatiethod
(Gordon and Lichti, 2004). This approach requirgditonal
work during the scanning process for signalizingd an
measuring the targets, and further recognitionhef targets
in the data, which is difficult to automate. In tlérect
georeferencing approach, the position of the saanse
directly measured by a GPS receiver, and the déitf the
scanner with respect to a reference coordinateersyss
determined using a backsight target (Lichti and dar
2004) or supplementary sensors such as a digitapass
and a tilt sensor (Bbhm et al., 2005; SchuhmacheBarim,
2005). The direct georeferencing approach also ego
difficulties with the placement of the GPS receiaed the
supplementary sensors.

In this paper, we propose a method for automated
pointcloud-to-map registration using a plane maitghi
technique. The advantage of using a map for geemteng
the pointclouds is that no additional workload risposed
during the scanning process. In addition, georafgng
methods can result in misalignments between thetgoud
and the map, which can be minimized when the plointtis
directly registered to the map. Using planar swfaas the
corresponding entities in the registration leadsatdinear
least-squares model for the estimation of the foamation
parameters. The benefit of a linear estimation rhadéhat
no initial approximations are required, and a fiegistration
can be performed in a single pass. Moreover, theali
model results in a more efficient search for cqroeslences.

The paper proceeds with an overview of the proposeithod
for pointcloud-to-map registration. The core of thethod is
the plane matching technique, which is describe8ention
3. In Section 4, results of the experimental eviduaof the
method are presented. Conclusions appear in Sextion

2. POINTCLOUD-TO-MAP REGISTRATION: AN
OVERVIEW OF THE PLANE MATCHING METHOD

The proposed method for pointcloud-to-map registmats
based on the assumption that buildings are polghedr
objects, and thus, planar segments can be extrictedthe
pointcloud of a building. The registration is thiemmulated
as a plane matching problem, where a transformation
between a set of planes inferred from the map &ed t
corresponding planes extracted from the pointcldad
estimated. The plane matching algorithm, therefpoegforms
two main tasks. The first task is to search forlingest set of
corresponding planes in two sets of planes respdygtin the
scanner and the map coordinate system. The seaskdstto
estimate a transformation between the corresponuplenges,
and to transform the pointcloud to the map coorgirsgstem
using the estimated transformation.



The search for corresponding planes is a crucizdgss and
can be very expensive as the search space can \gngw
large when the number of planes increases. To adow
efficient search, we adopt an initiate-and-exterghreh
strategy similar to that of SCERPO vision system (&pw
1987). In this strategy, initial correspondencee a
hypothesized and are then extended with new plénas
extension criterion is satisfied. The plane matghatgorithm
combines the search for correspondences and the
transformation estimation in the following steps:

e Set an initial number of corresponding plakes

e Create all combinations & planes in the two sets that
satisfy the constraints;

*  For each set dfcorresponding planes,
— Insert the planes in an initial match set;
—  Estimate the transformation H;
— Extend the match set with new planes that satisfy

the extension criterion;

e The match set that has the maximum number of
matching planes and minimum residuals is the best
match.

In the following section a more detailed descriptiof the
processes within the plane matching algorithm ésented.

3. INFERRING A TRANSFORMATION FROM TWO
SETS OF PLANES

Most of the existing registration methods are basegoint-
to-point correspondences (Salvi et al., 2007), caitfin
surfaces have also been used for establishingspmmelence
(Tarel et al., 1998). In this section, we showddgantage of
plane-to-plane correspondences for developing aatin
model to estimate the transformation.

3.1 Planeextraction

Planar surfaces can be extracted from laser scadfater,
using range image segmentation methods (Hooverl.et a
1996), or directly from the pointcloud, using ckritg
(Vosselman, 1999) or Hough transform (Rabbani Shah,
2006; Vosselman et al., 2004). In this work, wauassthat a
global registration of multiple scans of a buildiigo a
single pointcloud has been performed beforehand, the
registration parameters are available. To obtaa glanar
faces of the pointcloud, we use a gradient-basegeramage
segmentation method (Gorte, 2007) to extract thegd from
each scan. The extracted planes are then transfaionthe
pointcloud coordinate system by applying the regi&in
parameters.

Using the building polygon in the map, planes are
reconstructed as walls upon the polygon edges afooa
that contains the polygon. Assume that a polygogeeid
given as a 2D line segment with endpoipts: (x4, ;) andp,

= (X, ¥2). The direction vector of this line segment isided
as:l = (% - X, Y2 - y1, 0)". Let« be a plane defined by the
direction of its normal vecton = (n;, n,, n3)T, and the
perpendicular distancd from the origin of the coordinate
system. The vertical plane constructed on the d$iegment
has a normal vector perpendicular to the directiector of
the line segment:

— (yz — yl) _(Xz — Xl) JT
n= , , 0 (2)
( I I

where ||| || is the length of the line segment. The distatice

from the origin to the plane is equivalent to tleegendicular
distance from the origin to the line segment (Kledishm and
Li, 2004):

A 8%
T @

A horizontal floor plane is independent of the Hinb
polygon, and is defined as:= (0, 0, 1)" andd = 0. Fig. 1
illustrates the construction of a vertical plane anline
segment.

Fig. 1. Parameters of a vertical plane construafazh a line
segment of a building polygon.

3.2 Estimation of thetransformation

As mentioned, a plane is identified with the dim@ctof its
normal vector and its distance to the origin. Thadition
that a pointx lies on a planer is expressed in homogenous
representation as (Hartley and Zisserman, 2003):

Tx=0 (3)

wherezm is (N, N, N, -d)" and x = (X, X, X3, 1)7. The
transformation of a set of n points from the scanne
coordinate systens to the map coordinate system is
expressed as:

m

Xaxn) = H (x4 X (a9 (4)
where H is normally a similarity transformation when
pointcloud-to-map registration is concerned:

SR t
H = 3x3 3x1 5
|: OIx3 1 ( )
consisting of a scale (hormallys=1), a 3D rotatiorR and a
translation vectort. The corresponding transformation for

transforming the plane containing the points frowa $canner
to the map coordinate system is:

M =H T (6)

because the points-on-plane condition is
transformation, i.e. :

X" =(HT7) e =7 HHx = 7'x° =0 (7)

invaridgat

If a planei is available in the two coordinate systems, the
plane matching equation can be derived from E: 6 a



7 =nH ®)

H can be estimated from a set of equations of tha fiiven
in Eq. (8) when a minimum of 3 corresponding plaimethe
scanner and the map coordinate system are availdble
obtain an estimation ofH that minimizes the norm

H77|$T - nimTHH we rearrange Eq. (8) as:

hi
. hy r
us N (9)
i hT i
3
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where R', h,', and h' are the first three rows of the
transformation matrix H. Stacking these in a vegtelds:

A n;
m m ' — I"Isi
[, ngi, gl fh,) = : (10)
3 l1ox1 —dis+dim ™

Having n >= 3 corresponding planes, a set of ligearations
is obtained, which can be expressed in matrix fasm

A4nx12D(12< 1: B 4rx - (ll)

where X is the vector of unknown parameters of the

similarity transformation H, A is the coefficient atnix
formed by plane normals in the map coordinate systnd
B is the vector containing plane parameters in bibih
scanner and the map coordinate system. The solfdioX
that minimizes“Ax - B|| is given as:

X=(ATA)'A'B (12)

Since the equations are linear no initial values tioe
unknown parameters are needed, and a solutiortaineb in
a single iteration.

3.3 Search for correspondences

The plane matching algorithm begins with creatiny a

combinations ofk planes in two sets o and n planes
respectively in the scanner and the map coordisggeem.
Starting with all combinations as initial matchssgtiarantees
a robust performance of the algorithm as it ensuhed

always the best set of corresponding planes is dioun

However, depending on the values fan, andk the number
of initial combinations can be very large. In pipie, the
number of possible ways to chodseorresponding planes

from two sets ofm andn planes is expressed as (Gorte et al.,

2008):

—empro_ Mmoo
= R =m0 (=R

(13)

whereC andP denote combination (unordered selection) and

permutation (ordered selection) functions respebtiv
Assume that the matching is initiated with comhiorag ofk

= 4 corresponding planes im=n = 10 planes in the scanner

and the map respectively. The total number of coatimns

will be in the order of 19 which is very large and results in a

very expensive matching as each initial matchsektended
within the matching process.

To make plane matching a practical method for mdonid-
to-map registration at a reasonable cost, redutieghumber
of initial combinations is inevitable. To this ewde impose a

number of constraints to limit the search spacee Titst

constraint is the inclusion of only near-verticaldanear-
horizontal planes in the initial combinations. Th@nstraint
is based on the assumption that the walls andidloe ih the

laser scanner data have relatively small deviatiosn

vertical and horizontal planes respectively. TBisirealistic
assumption since in the terrestrial laser scanttiegscanner
is most often mounted on a tripod and is levellsthg a
bubble level.

The second constraint is the so-called relativeration

constraint (Gorte et al., 2008), which states thatrelative

orientation of plane normals in a set is invariantotation,

and therefore, two sets of planes in the scannatta® map
coordinate system are corresponding only if theatined

orientation of the normals within the first sette same as
that of the second set. The concept of the relatientation

constraint is illustrated in Fig. 2.

Fig. 2. Relative orientation constraint. Correspemze can
be established between planes in set A and set B,
but not between planes in set A and set C.

A third constraint can be applied when the numbér o
corresponding plane paits in the initial combinations is
larger than 3. In this case, a vector of residw@s be
computed for each combination by estimating the
transformation between the planes. The norm ofrésglual
vector is an indication of how well the planesifito the
transformation model. A combination with non-
corresponding plane pairs results in a large naggidual,
and can be eliminated from the search.

Imposing the constraints described above greatlyaes the
number of initial combinations (often by a factdr 10%),

which in turn leads to an efficient extension o thearch.
Once the initial combinations (match sets) are tegathey
are extended with new planes if an extension @iteis

satisfied. Each match set is extended by takingva plane
from the pointcloud (that is not already in thetiali match
set) and transforming it to the map coordinateesysfusing
the transformation estimated by the initial matet).sThen in
the map coordinate system the nearest plane (hdvingost
similar parameters) to the transformed plane isadourhis
plane and the plane taken from the pointcloud dded to
the match set and a new transformation is estimatatie

residuals obtained by this new transformation aitbim an
acceptable small range, the match set is extendédthe
two new planes; otherwise, the planes are remonged the
match set. The extension of each match set isroogdi until
no new planes satisfy the extension criterion.



4. EXPERIMENTS

The plane matching method was tested with a simdlat
dataset as well as a real set of pointcloud and daa@. The
simulated pointcloud was generated using an aigbdaser
dataset of a building roof as a prototype. The gdoplan of
the building was manually drawn along the boundaoiethe
roof. Points on the walls and the floor were geteetavith a
noise level of 20cm and a density of about 0.5nugétp the
density of the points on the roof). The simulateihfrioud
was then transformed with an arbitrary set of fotatand
translation parameters. A total of 21 planes wexteaeted
from the transformed pointcloud, while from the nago 21
planes were derived. The planes were input to ta@ep
matching algorithm, and the computed transformaticas
applied to the pointcloud. The result is shown ig. B. As
can be seen, the transformation parameters obtdipeate
plane matching method result in a registration bé t
pointcloud to the ground plan, where no visuallyiceable
misalignments can be observed.

As a measure of the accuracy of the registratiba, mean

and the maximum distance between the transformed

pointcloud planes and the map planes were compiitdule

1 summarizes these accuracy measures for the s$adula

dataset. Since the pointcloud was simulated in tié$, no
superfluous or missing planes were present, arelatively

large proportion of the planes take part in thalfimatch set.
The mean distance of 27cm between the map plareshan
transformed pointcloud planes is consistent with ldvel of

noise which was added to the simulated points.

For the second test an H-shaped building withinddw@pus
of TU Delft was chosen (known as Logistic buildinghd a
set of 7 scans of the building were obtained usifgARO
LS880 laser scanner. A manual registration of tens was
carried out to create a pointcloud of the entirdding. To
obtain planes from this pointcloud, each individsean was
exported into a range image and a segmentatioaaf enge
image into planar segments was performed. Theseepla
were then transformed to the coordinate system hef t
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pointcloud using the registration parameters. Altatf 32
planes from the pointcloud were taken for planecimag.
Fig. 4 depicts the reflectance image and the setatien of
one of the scans.

The ground plane of the Logistic building was takem the

large-scale basis map of the Netherlands (GBKN). An

interface was developed to allow the user to sethet
polygon of interest from the map (using a simpléenpon-
polygon operation). Fig. 5 (A) demonstrates thec@n of
the ground plan from the map. A total of 13 plagkgloor
and 12 walls) were derived from the ground planttoé
Logistic building. The plane matching method waplegal to
these planes and those extracted from the poirtdcldhe
registration results are shown in Fig. 5 (B).

The set of planes extracted from the range imadetheo

Logistic building contained a large number of stipeus

planes, which had no correspondence in the grodad. p
These are evident in Fig. 5 (B) as the walls of shwller

buildings (which were not of interest) around theim
building. Also, what can be seen at the centréeffigure is

an interior wall, which was recorded by the lasearhs

through the windows. In addition to these superfhiplanes,
a number of walls were completely covered by vegata
while a few others appeared to have very low pdarsity

due to their large distance from the scanner awrdlaihge

incidence angle of the laser beams. This resuttednumber
of missing planes in the pointcloud, for which esponding
planes were already derived from the ground plagspiie

the presence of the superfluous and missing platies,
results show a robust performance of the plane hivaic
method.

Tablel. Registration accuracy of the simulated fotond

Mean
distance distance

Nr of planes in: Max

ointcloud ma| Final

p P matchset (M (m)

S:jmulated 21 21 18 0.27 1.03
ataset

790 -

780 -

770+

760 -
.

750 -

I
250 280 290

Fig. 3. Automated registration of the simulatediding pointcloud to its 2D ground plan. A. Top viefithe pointcloud transformed
with arbitrary parameters superimposed on the gigoian; B. The pointcloud is registered to the gibylan using
transformation parameters obtained by plane madgchin
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Table 2 summarizes the accuracy measures obtaometthef
map-registration of the Logistic pointcloud. As dam seen,
the mean distance and the max distance betweemépe
planes and the transformed pointcloud planes anealese
to those of the test with simulated pointcloud. cAlghe
number of planes in the final match set indicatest ta
relatively large proportion of the planes have dbuoted to
the estimation of the registration parameters.

The efficiency of the method was evaluated by tgnthe
process on a Pentium D CPU with 3.2 GHz speed ab@ 2

GB memory. Table 3 shows the number of initial

combinations and processing times for differenttiahi
settings. The processing times are directly reldtedhe
number of initial combinations, which is a functiof the
number of plane pairs in each initial combinatighdnd the
number of planes used to create the initial contlina
(m,n). Obviously, by initiating the matching with small
subset of the planes one can reduce the numbemnitcl i
combinations. However, the number of initial plasésuld
be sufficiently large to ensure that at least ondial
combination contains a set of correct correspongienc

Experiments with various numbers of initial plarstwed
that a correct match will always be found if thetching is
initiated with at least 7 initial planes. In pragtj however,
the number of initial planes should be increaseth e
complexity of the ground plan.

It is also worth noting that the efficiency of thethod relies
to a great extent to the application of the conmstsa Fig. 6
illustrates the number of initial combinations witnd
without constraints. It is evident that plane matghwithout
the constraints can be a very expensive processofoplex
buildings, and only after the application of theswaints the
computational cost of the method becomes affordédte
practical applications.

Table2. Registration accuracy of the real pointdlou

Nr of planes in Mean Max
: distance distance
pointcloud  Map Final (m) (m)
match set
Logistic
building 32 13 10 0.34 1.03
dataset

Fig. 4. One of the seven scans of the Logisticding. A. Reflectance image; B. Segmented range émag

Table 3: Number of initial combinations and prodegdimes for different initial settings in the tegith simulated data.

Nr of planes to initiate matching m=7 m=8 m=9 m=10 m=11 m=12

n=7 n=8 n=9 n=10 n=11 n=12
Without constraints 7350 18816 42336 86400 16335090420

Number of k=3
initial Plane orientation constraint 582 1039 1859 3035 8483 7206
combinations . . -
k=4 Plane orlentgtlon cpnstramt + 49 109 276 617 1661 3982
Transformation residual constraint

Processing time for k = 4 (seconds) 2.8 6.6 18.0 .646 121.0 302.5
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5. CONCLUSIONS

In this paper, a plane matching method was predefue
automated map-referencing of terrestrial pointcioou@he
method was shown to perform robustly in the preseoic
outlier and missing planes, and achieve accuraciethe
order of centimetres as the mean distance betwhen
pointcloud and map planes. The computational expearfs
the automated process was also shown to be affierdab
practical applications.

The advantage of using a map for the georefererafihaser
scanner data is that no additional workload is isggbduring
the scanning process. Using planes for registrdéads to a
linear least-squares model for the estimation o€ th
transformation parameters, which is beneficialtagduires
no initial approximations, and results in a morécefnt
search for correspondences.

The application of the plane matching method can be
extended to pair-wise registration of multiple ssgorovided
that polyhedral objects are present in the oveitap@rea
between the scans. It is also possible to combierentap-
referencing process with global registration of tiplé scans

of a polyhedral building. The plane matching pagadialso
provides a method for simultaneous scanning andyaton

in indoor environments. Future research can becdide
towards exploring the potential of the plane matghnethod

in different applications.
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