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ABSTRACT:

With the high density point clouds obtained witréstrial laser scanning, detailed building facaniactures, such as windows, can
be recovered. There are usually only a few lasetpavailable for windows, because window framessmnall parts on walls, and
window glass reflects no laser beam. Insufficieaw daser information makes it very difficult to me@r reliable geometry of a
window without human interaction. In this paper, describe an approach to automatically extract awwsdfrom terrestrial point
clouds. First, a segmentation process will growgeigoints in planar segments. Walls, doors andugigins will be detected by
applying feature constraints. Then, two detectimatsgies for windows are presented, depending loethver a window is covered
with curtains or not. Windows which are not covevath curtains reflect no laser beam during thensgzg process, and therefore
cause holes on the wall segments. Laser poinavaitable for windows which are covered with curibut they usually are not on
the same plane as its wall and will therefore lmiged into other segments than wall segments. dga results in holes on wall
segments. Holes on the wall are recognized by Begydong edges from the TIN, generated for wagjrsents. After filtering out
the holes caused by doors and extrusions, the némgaoles are believed to be caused by windows hance fitted to rectangles.

The result from our approach is evaluated and disediwith examples of reconstructed building fasade

1. INTRODUCTION

Recently, the topic of building reconstruction Haescome a
popular research of interest. This is because wario
applications, such as virtual tourism, urban plagniand
cultural documentations, require realistic buildimgodels.
Many algorithms and systems have been proposeddsvihe
topic of building reconstruction after several yearesearch.
According to the position of data acquisition, teeonstruction
algorithms can be categorized to airborne baseenfi&ar 2005,
Maas 2001, Suveg and Vosselman 2004) and terielséied
(Haala et.al. 2006, Remondino and El-Hakim 2006).

Taking the airborne images or airborne laser pastprimary
data source, airborne reconstruction approachesable to
reconstruct building roofs well. However, it is ydlifficult to
recover facade structures from airborne approadfeesuse the
oblique acquisition aspect makes it very diffictdt retrieve
sufficient raw data for facades. Only a few pixaidaser points
are available for facade is the usual case. Itrast) terrestrial
approaches are able to provide abundant facaderiafmn. In
particular, terrestrial laser scanning gives expliGD
information, which enables the rapid and accuratgwre of the
geometry of a complex building facade; terrestriaber
scanning also provides high density point cloudsiclv gives
enough raw data from which accurate and detailech@idels
can be obtained.

Many researchers are active in the field of exingcgeometry
features from laser point cloud. Edge based appesa(Gross
and Thoennessen 2006, Sotooth 2006, Wani and Ax&fiii3)
aim at detecting boundary points from point cloadd then fit
to lines. The surfaces based approaches use lerédcs
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properties as a similarity measure, and merge hegethe
points which are spatially close and have similarfaxe
properties. These surfaces can be either plandacsu(Dold
and Brenner 2004, Schuster 2004), or curved swsfageh as
cylinder, sphere and cone (Rabbani et.al. 2006).

With the extracted geometry features, we can eitnégher

level of features with semantic meanings. In (Pdi Hosselman
2006) the authors described an automatic methodxtact

building features from terrestrial laser scannifipe method
first defines several important building featuregl(s, roofs,

doors, extrusion) with building constraints. Thée terrestrial
laser point cloud for a building facade is segmeént®o that
points belonging to the same planes are groupedtteg

Finally each segment is compared with different|ding

feature constraints to determine which feature gegment
represents. It is possible to extend this approactthat more
detailed structures, such as windows, can be dgttacThe
recognized wall segments usually contain many holdsch

mostly result from windows. A feature based methisd
employed to recognize door and extrusion segmdiis. can
be used to discard holes caused by doors and mxisus
Combination of feature extraction and holes deteciads to a
robust algorithm for extracting windows.

In section 2 we first give a brief introduction building feature
extraction. Section 3 describes how windows areaeted from
holes on wall segments, and evaluates this apprdacime
concluding remarks are given in section 4.
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2. FEATURE EXTRACTION extraction approach. There are three main steps:

2.1 Building feature extraction «  Segmentation. The planar surface growing algorithm by
(Vosselman et.al. 2004) is adopted because ittslde

for segmenting planar surfaces. The planar surface
growing algorithm first selects

An automatic method to extract building features Hmeeen
demonstrated in a previous paper. Here we give iaf br
introduction because of its strong relevance to whedow

Figure 1. Left: terrestrial laser scanned buildiagade; right: segmentation result

Size Position Direction Topology
Wall Segment(s) with larger area Vertical May intersecground
Roof Segment(s) with large area Above wall Not vertical Intersects a wall
Door Area within certain range On the wall Vertical Intesects the ground
Extrusion A little outside the wall/roof

Table 1. Constraints for building features

seed surfaces which consist of a group of nearbgtgpo constraints defined in Table 1, to determine whothhe

that fit well to a plane. Then seed surfaces acavgrto four features (wall, roof, door, and extrusion) gegment

their nearby points. Only the points within certdiatance is. Figure 2 gives the recognition results. Somesna

to the seed surface and with a perpendicular distémthe feature might be over-segmented, when the global

seed plane below some threshold can be added gedte threshold value is too strict. Therefore all atetleature

surface. Figure 1 shows a terrestrial laser scabnéding segments are found and merged to combine a bigger

facade, and its segmentation result. feature segment. For example, the two wall segmients
Figure 2 attach to each other, so they will be dostbto a

¢ Feature constraints. Some important building features bigger wall segment.

(wall, roof, door, extrusion) are defined with feat

constraints, related to size, position, directiomda 2.2 Featurebased window extraction

topology. All feature constraints are derived fréwmman

know|edge about bu||d|ng structures. For examp|e’ w Theoretica”y, windows can also be extracted Me, with

know that a wall is a large vertical patch, anct thavall the similar method of extracting wall, door, roafd extrusion.

intersects the ground. The feature constraintswiall ~ From knowledge about windows, a window feature ten

feature can be defined as: a large area (size)\antmal  defined as: area not too large (size), on the (pakition), on a

plane (direction) with an intersection with the gnd plane  Vertical plane (direction). Figure 2 also gives tieeognized

(topology). Table 1 gives the constraints for diffg ~ Wwindow feature segments.

features. Most of the tolerance values are indeg@ndf

different data set because of the semantics. Fample, ~ The result in Figure 2 is not satisfactory. Notwihdows are

the tolerance for how vertical can a wall be, ideast 80  recognized, and even recognized feature segments gi

degree with XOY plane. An extrusion must be atti@ss incomplete and inaccurate geometry. The main redsiothe

centimeters outside the wall plane. These tolerambges failure is that the feature extraction algorithmimhacounts on

are set appropriate for most buildings. a relatively good segmentation. Window frames aseally

small parts of wall, so terrestrial laser scanmigtgieves only a

+  Feature extraction. Convex hulls for all segments are few laser points for windows. When a window is sovered

computed first to approximate segments, becausis it With a curtain, the terrestrial laser beam willtjpenetrate the

much easier to derive geometry properties (areagdlass, and no laser points will be reflected inwiredow center.

directions, etc.) from polygons than point setsxtNeéhe  Insufficient information leads to bad segmentafmmwindows,

convex hull for each segment is checked with tizsuie  @nd in turn leads to bad window recognition.
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Figure 2. Feature recognition results (extrusioof,rwall, door, window)

3. WINDOW EXTRACTION
3.1 Hole-based extraction method

The feature based approach is able to recognige fawilding
features such as walls and roofs, but doesn’t welk for
windows, because of the lack of laser points ordeivs or
window frames. Figure 2 illustrates the recognieed feature
segment, with some holes on it. It is obvious thase holes are
caused by windows,doors and extrusions on the all.
alternative method, which extracts windows fromlvales, is
developed. The main steps are:

e Triangulation. A TIN for each wall segment is generated
first, as shown in Figure 3.

e  Extracting boundary points. Long TIN edges appear
only at the outer boundary (wall outline) or infieundary
(holes) of a wall. Boundary points are just the eothts
for the TIN edges with long length. Figure 4a githe
extracted boundary points.

¢ Clustering. Points belonging to the same hole are grouped
together. The clustering algorithm is given asofol:

1) Choose a boundary point A which has no label value
yet. Label A with an integer value: i.

2) Finds all the long TIN edges which connect to this
For all of these long edges, determine the other en
points: B.

3) Give B the same label value: i, if B is not labejed.

4) Make B the new A, iterate step 2) to step 4), umtil
more unlabelled points can be found.

5) Choose another unlabelled boundary point A, give it
label value: i+1, repeat step 2) to step 5), ualil
boundary points are labeled.

The different colors in Figure 4a, 4b, 4c, 4d azeduse

different point clusters are colored with theirééh

¢ Extracting holes. Among a TIN mesh, the interior
triangles always have three neighbor triangles lenttie
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triangles on the outer boundary have only one av tw
neighbor triangles. Therefore we first get all thangles
that have a boundary point as a vertex, and chieeget
triangles about the number of their neighbor triesglf
three, then the checked triangle is an interi@angle, and
the boundary point is an interior boundary (holejnp
Otherwise the boundary point is an outer boundes! (
outline) point. Figure 4b and 4c illustrates the tiinds of
boundary points.

Removing holes caused by extrusion and door. The
holes in Figure 4d are compared with the extrusiod
door segments in Figure 2. If a hole doesn’t hawerlap
with any extrusion or door segment, it is consideee
window hole. Figure 4d gives the result after siep.
Filtering. Remove some noise holes which have irregular
shapes, such as extremely long and narrow, or sl
(longest edge shorter than 40 centimeter).

Fitting rectangles. Assuming windows to be rectangular,
the window holes are finally fitted to rectanglesslhown

in Figure 4e. This is done by choosing the mogtgefnt
(L), most right point (R), top point (T) and bottopoint
(B) from each point cluster. The X, y coordinatéstte
left-bottom corner of the rectangle equal the x, y
coordinates of point L, and the z coordinate eqtizdsz
coordinate of B. In this way the coordinates fog tither
three corners can also be determined. We are atlvesre
method is only accurate for the following assumputio

B The wall is vertical.

B The left and right border of the window is vertical

B The window is rectangle.

The first two assumptions are true for most windokiva
window is not rectangle, then a minimum bounding
rectangle will be fitted.
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Figure 3. TIN of a building facade, with zoomingarhole corner
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Figure 4. Extracting windows from wall holes (frdefit to right, top to down): (a) boundary poinkg futer boundary points (c)
hole points (d) hole points after filtering (e) oastructed windows by fitting points to rectangles

3.2 Method evaluation

work perfectly for extrusion. When an extrusion sasomplex
The hole-based extraction method provides a radgystoach to  shape, e.g. the extrusion in Figure 2 has a cupagch on the
extract windows from terrestrial laser scanning. r Ou phottom, not all segments of this extrusion can éeognized.
experiments on 12 building facades show that nfuas 80% of  The extrusion segments, which are not correctlypgeized,
the windows can be accurately recognized. Figuitustrates  still result in holes on wall segments. These esitmi holes are
some experiment result. As the rule “windows aréehimn  not removed when all the holes are compared withusion
walls” is valid for almost every building, we campect the  segments, so they remain and are treated as wihdt®s. This
method achieving high accuracy also for other das. The kind of error windows seldom appears for doors abee doors
algorithm only takes a few seconds, because no yheavhave simple shapes and recognition of doors is redigble.
computation is involved.

Another unsolved issue is that the real holes enwhll are
Sometimes a few windows are extracted which doxi$ten recognized as windows. For example, the buildingrigure 5
reality, such as the indicated error window in Fegdd. These |eft has 3 holes on the wall bottom. These holéisfgaall the
error windows usually appear at places of a bujdirtrusion.  definitions for windows in our approach: they amds on the
This is because the feature recognition algorittitndeesn’t wall segments; they don’'t overlap with any dooreatrusion
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segments. Further research is required to dissihgthie real
holes and holes caused by windows, door and egtrsisi

The extracted windows can be smaller than readibhen there
are obstacles on these windows. In Figure 6, th&t night
window on the ground floor is partly covered withnge
decorations. This is why the fitted rectangle isialty only the
top half of this window. In Figure 7 the bigger wow on the
1% floor is fitted to a thinner rectangle, becausalty this
window is firstly extracted as three holes as altes the frame
decorations. The left and right holes are filtevetibecause

Figure 5. An example showing holes in the wall
recognized as windows.
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. An example showing an extracted windew i
smaller than reality, as a result of obstacles on
this window

Figure 7. Another example showing extracted window
is smaller than reality
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they have very narrow shape. Only the middle hoféted to
rectangle. In the same fagade, the second mostwigdow on
the ground floor is also smaller than reality, hessasome
plants obstacle a big part of this window.

Furthermore, only windows on walls can be extrasdar.
Extracting windows from dormers and extrusionssiiteneed
to be investigated.

4. CONCLUDING REMARKS

In this paper we have presented an automatic methestract
windows from terrestrial laser scanning. Firstrdstrial laser
points for a building facade are segmented and that
segments are recognized by comparing each segmimt w
feature constraints. A TIN of the wall segmentgdserated and
both exterior boundary points and the hole boungmints are
extracted from the end points of long edges inTh¢. After
filtering out exterior boundary points, the holdrgs are further
classified into window points, extrusion points atabr points.
This is done by comparing each hole with the reczmgh
extrusion and door segments.

The hole-based window extraction method provedet@lvery
promising approach. In the future we will focus lmw to add
semantic knowledge to improve the extraction aagura
Especially, knowledge about windows will be helgfuremove
wrong windows which is caused by miss recognizedisions,
holes on walls, and other unpredictable cases., dersidering
terrestrial imagery provides confident edge infaiora we will
explore the possibility to reconstruct more dethileuilding
structure by fusing terrestrial laser points andresdrial
imagery.
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