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Abstract Energy-efficient retrofitting of existing buildings is
a key aspect for reaching the proposed energy consumption
reduction targets fixed by public authorities in different coun-
tries. For this task, the availability of as-built building models
is of primary importance for both diagnosis of thermal disper-
sion and designing of retrofitting. In this paper, we present an
automated methodology to derive highly detailed 3D vector
models of existing building fagades starting from terrestrial
laser scanning data. The presented methodology first accom-
plishes the segmentation of the point cloud of a building
fagade into its planar elements. Then, starting from the iden-
tified planar clusters, facade breaklines are automatically ex-
tracted to be used later to generate a 3D vector model. During
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this final step, some priors on urban scenes like the
prevalence of straight lines and orthogonal intersections are
exploited to set additional constraints. The final product is a
semantically enriched 3D model of the building fagade that
can be integrat-ed in Building Information Model (BIM) for
planned mainte-nance. Eventually, the integration between
derived facade models and infrared thermography (IRT)
is presented for energy efficiency evaluation of buildings
and detection of thermal anomalies.

Keywords BIM - Breakline extraction - Fagade
segmentation - Laser scanning - Infrared thermography

Introduction

The increase in energy efficiency of existing buildings is a
major task to reach the energy-saving targets fixed by
public authorities in different countries. Although many
factors in-fluence buildings’ energy efficiency (e.g. solar
exposition and building orientation, geographic location,
neighbour environment, heating and cooling systems,
typology of electrical appliances, and building size), one
of the most important parameters is the quality of thermal
insulation. In particular, the composition of the fagcade and
roof is of primary importance because it may determine
thermal bridges and heat losses from the envelop due to
inefficient insulation materials. In order to properly design
thermal retrofitting of such building components, highly
detailed as-built models are needed on one side (i) for the
thermal assessment and on the other (ii) for producing
executive drawings. In particular, terrestrial laser scanning
(TLS) and close-range photogrammetry are the surveying
techniques mainly used for producing as-built building models.
These techniques become useful as modelling tools not only
in heritage applications (Alshawabkeh and Haala 2004;
Bocehler et al. 2002;Naci2007; Brumana et al. 2013),



where surfaces are complex and irregular, but also for
large and medium size civil structures. In particular,
nowadays, an increasing interest is paid to the generation of
detailed building models from laser scanning data (EI-
Hakim et al. 2003; Lerones et al. 2010; Lubowiecka et al.
2009; Moreira et al. 2013; Oreni et al. 2012a) and in future
from other emerging 3D imaging technology like time-of-
flight cameras (Hansard et al. 2013) and gaming devices
(Menna et al. 2011). This is mainly due to the fact that
automation in acquisition and registration of scans, in
conjunction with a reduction of the cost of instruments,
allowed to a larger number of operators the chance to use
TLS.

However, raw point clouds derived from a TLS survey
are generally not directly ready for practical applications.
This is related to the fact that point clouds do not present any
kind of topology information. In addition, they feature a low
level of abstraction. Further problems rise up in
correspondence of edges, corners and other features, where
the spatial resolution of the point cloud is not enough to
describe them. In order to overcome those problems, point
clouds of buildings are generally transformed into vector
format by adopting standard reverse engineering
approaches. However, this task requires a largely time-
consuming manual work performed by skilled operators.
For this reason, an increasing interest is paid to automatic
modelling of buildings used in conjunction with (Nan et
al. 2010) or as an alternative to computer-aided design
(Becker and Haala 2007). Indeed, manual editing can be
avoided in the case when a detailed modelling is not
required or may take place only after a basic model has been
automatically generated. This approach would allow an
increase of the efficiency in the overall process and a cost
reduction com-pared to a standard fully manual approach.
Although much research work has been done, practical
application to automatic modelling of full facades is still far
to fall into practice. This is mainly due to the wide plethora
of architectural ele-ments and styles that could be combined
in facades, with large changes between different countries.

Another aspect whose relevance is rapidly growing is
the semantic content of building models. Indeed, nowadays,
great attention is paid to Building Information Models
(BIMs). A BIM model covers more than just building
geometry (Fox and Hietanen 2007; Murphy etal. 2009;
Oreni et al. 2012b), being the combination of objects,
relations and attributes. The use of BIMs goes beyond the
design phase, extending throughout the entire building life
cycle and allowing for a better planned maintenance. In
addition is the possibility to add time and cost to models as
further dimensions may efficiently support the decision-
making process during the design of retrofitting works.

In the phase of assessment of the thermal efficiency of
existing buildings, infrared thermography (IRT) is a powerful tool
to detect the external temperature of the building envelope.
Indeed, IRT can be efficiently used to detect thermal

bridges and heat losses (Lagiiela et al. 2011; Edis et al. 2012).
For this reason, integration between BIM models and thermal
images can provide new possibilities for investigators and
designers.

In this paper, we present an automated procedure to gener-
ate a thermography-textured as-built 3D BIM model of a
building fagade for supporting energy efficiency evaluation,
diagnosis of thermal anomalies, retrofitting design and control
of installation work. The developed methodology starts from
point cloud of building facades acquired by TLS, and it is
aimed at modelling modern building where facade compo-
nents are planar or piecewise planar. To this end, the unorga-
nized point cloud of the building is firstly segmented into its
planar elements (see “Fagade segmentation” section).
Identification of planar clusters is performed by using a mod-
ified RANSAC approach. In particular, some topology infor-
mation are added in the processing in order to prevent RANS
AC ‘bad-segmentation’ results reported in the literature in the
case of massive point clouds (Stewart 1997). Once fagade
elements are identified, breaklines are automatically extracted
from the point cloud (see “Breakline identification” section).
In this phase, some priors on urban scenes, like the prevalence
of straight lines and orthogonal intersections, are enforced.
Contemporary, a further recognition and separation of detect-
ed clusters into fagade elements (e.g. walls, windows and
doors) is performed by using a classification tree (see
“Object classification” section). Extracted breaklines and in-
formation derived from object classification are combined
together to generate a 3D BIM model of the entire facade
(see “BIM model generation” section). Finally, the facade
model is integrated with IRT data (see “Integration of 3D
facade model with thermal images” section). Indeed, the rela-
tionship between thermal data and building geometry is of
primary importance in order to precisely locate surfaces af-
fected by thermal defects.

Related work

As previously discussed, in this paper, the identification of
fagade elements is performed by means of segmentation of the
whole point cloud into planar clusters. Point cloud
segmentation can be defined as the process aimed at grouping
points sharing a similarity on their spatial properties or related
to some attributes (intensity, colour or others). Segmentation
techniques were initially developed for the analysis of air-
borne laser scanning (ALS) data (Masaharu and Hasegawa
2000; Geibel and Stilla 2000). Then, some of those algorithms
proved their suitability also to TLS for facade analysis (Lerma
and Biosca 2005; Pu and Vosselman 2006; Stamos et al.
2006). Segmentation methods presented in the literature can
be classified into three main groups: (i) region growing, (ii)
clustering of features, and (iii) model fitting. Region growing



methods relay on the main assumption that neighbouring
point in the cloud presents similar characteristics. For this
reason, those methods are based on the aggregation of ho-
mogenous points starting from a small set of seed points. For
example, in the case of plane identification (Pu and Vosselman
2006), a seed with its nearby points is randomly chosen in the
cloud. If a plane fits these points within a user-defined thresh-
old, the surface is accepted and the growing procedure starts.
The growing phase, that is the extension of the detected plane
to nearby points, is based on a similarity criteria which can be
point proximity, global planarity or point normal vector direc-
tion. The growing process stops when newer points do not fit
any more the user-defined threshold for similarity. Generally,
region growing methods suffers from the correct identification
of a seed point and noise in the point cloud. Indeed, an initial
wrong selection might lead to wrong segmentation results.
Clustering of features methods (Filin 2004; Hesami et al.
2010; Martinez et al. 2012) can be seen as a combination
of two processes: first, patterns in the data are identified on
the basis of some attributes, then they are clustered based on
them. Even if this method is quite general, identification of
proper features may be complex, and segmentation results are
highly affected by this selection. In addition, clustering
multidimen-sional ~ features can be computationally
infeasible for large point clouds. Model fitting methods
(Schnabel et al. 2007; Boulaassal et al. 2008) are based
on the identification of geometrical primitives in the point
cloud. Points conforming to a defined primitive are grouped
as belonging to the same cluster. Model fitting methods
mainly relies either on RANS AC (Fischler and Bolles 1981)
or on Hough transform (Hough 1962) in order to find
primitives into a noisy dataset. In particular, RANSAC
showed a higher efficiency in comparison with the Hough
transform in the case of TLS data (Tarsha-Kurdi et al. 2008).
However, RANSAC is just an algorithm measuring the
consensus to a certain assumed model. Consequently, the
extracted primitives may not correspond to real architectonical
object. This limit is well documented in literature as bad-
segmentation (Stewart 1997). In particular, bad-segmentation
results may be categorized into the following:

* under-segmentation, in the case when several features are
segmented into one; and
+ over-segmentation, when one feature is segmented into

several ones.

Although the segmentation problem has been widely
covered in the literature since different years, only recently,
the goal of using segmentation results for producing
parameterized high-level models emerged. In particular,
two different approaches were proposed: interactive
modelling and fully automated processes. In Nan et al.
(2010), an interactive tool for assembling architectonical
models directly on the point

cloud is presented. In a first step, the user defines some simple
architectonical elements which are then snapped to similar
objects in the cloud. In a similar way, in Zheng et al. (2010),
an interactive method for the completion of holes in laser
scans of building facades is presented. However, in the case
of interactive modelling, an extended processing time and
long human intervention are needed. A full automated
processing is presented in Pu and Vosselman (2009), where
segmented TLS data are fitted with rectangular shapes to
generate polygonal fagade models. Recently, Vanegas et al.
(2012) proposed an automated approach based on ‘Manhattan
World’ building geometry assumption (Coughlan and Yuille
2001). This system classifies data into features which are then
grouped in connected clusters. Finally, a volumetric model of
the building is generated. For a complete review about this
topic, we address to Musialski et al. (2012).

The classification of facade elements extracted from point
cloud data is also a topic addressed by different works in the
literature. Most of them exploit on some priors for carrying
out the classification (Ripperda and Brenner 2006; Becker
2009). In particular, some specific grammar rules are used
for the description of such repetitive patterns like the regular
distribution of windows and doors in building facades. An
automatic extraction and classification algorithm of building
features is also presented in Pu and Vosselman (2009). In this
case, objects derived from segmentation are classified accord-
ing to some parameters like their position and extent.

Because the main issue for an accurate integration of ther-
mographic images and building models is the registration of
scans and thermal images in the same reference system, many
applications focus on this topic. In many cases, thermal im-
ages are processed individually by using homographic trans-
formations (Gonzalez-Jorge et al. 2012). However, this meth-
od is rigorous only in the case of planar fagades. For this
reason, a more robust method is presented in Cabrelles et al.
(2009), which made use of space resection for the rigorous
orientation of single images. This approach has been then
extended to work with the contemporary registration (bundle
adjustment, see Luhmann et al. (2011)) of several thermal
images integrating a photogrammetric block of red-green-
blue (RGB) images captured by using a consumer-grade cal-
ibrated single-lens reflex (SLR) camera (Barazzetti et al.
2013). In order to speed up the whole process, some ad hoc
acquisition systems were also designed. In Alba et al. (2011),
a ‘bi-camera’ system, coupling a traditional RGB camera with
an infrared (IR) sensor, was proposed. In this case, a standard
RGB camera and a thermal camera were rigidly coupled
together. In the processing phase, only RGB images were
oriented with a standard bundle adjustment deriving their
exterior orientations. Then, thanks to the knowledge of the
relative orientation between RGB and IR cameras, determined
in a calibration phase (Luhmann et al. 2010; Yastikli and
Guler 2013), thermal images are oriented.



The facade modelling procedure and thermal image
integration

In this paper, we present a novel methodology for automatic
facade modelling. In particular, the procedure follows a
scheme that goes from scan acquisition up to point cloud
segmentation, automatic breakline extraction, object classifi-
cation and generation of the final 3D BIM facade model and
eventually its integration with IR images. Each step of the
procedure presents some advances with respect to the state of
art.

In this paper, we addressed to modern building where all
the elements constituting the facade can be modelled as planar
objects or at least can be approximately divided into piecewise
planar parts. Modelling of complex historical buildings where
constituting elements (e.g. columns and vaults) are properly
represented by more complex geometrical primitives (e.g.
cylinders and cones) and facades are abundant of decorative
elements is not addressed in this work.

The developed modelling methodology can be applied to
unstructured point cloud of tens of millions points. This means
that each point is parameterized by its spatial coordinates and
may also feature some related attribute (e.g. intensity or col-
our) but does not share any topological relationships with the
points in its nearby. The input point cloud can be generated by
a single or multiple laser scan station(s). Indeed, after scan
registration/geo-referencing, scans are merged together with-
out needing any reorganization into a specific data structure.
The overall procedure is presented in Fig. 1. Once all scans are
acquired and registered together, the main elements constitut-
ing the fagade are firstly identified by means of a segmentation
process based on a modified RANSAC implementation. In
particular, the standard RANSAC approach for point cloud
segmentation is modified by adding the topology in the pro-
cess. This topological information between scan points and
detected clusters is added in order to minimize problems
connected to under- and over-segmentation, respectively.

Scans acquisition and
registration

l

‘ Point normal estimation ‘

!

’ Point cloud segmentation ‘

[
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Fig. 1 Pipeline of the facade modelling process

Once planar clusters constituting the fagade are detected,
fagade breaklines are automatically derived. During this
phase, some constraints related to facade geometry, like
the prevalence of straight lines and orthogonal
intersections, are enforced to obtain a regularization effect.
At the same time, a further classification is performed, on the
basis of some priors on the fagade structure organized in a
classification tree. In this way, detected objects are classified
into facade elements (e.g. walls and windows). Detected
breaklines are then used to obtain the 3D geometry of
the facade while classification results are used to enrich
geometrical data with semantics and to generate a 3D
BIM model of the entire fagade. Finally, the integration
between thermal data and geometric building model is
obtained by mapping thermal images on the 3D semantically
enriched model of the building. Main steps of processing IRT
data are reported in the following subsections, while more
details can be found in Previtali et al. (2013).

A remark is needed to the fact that several algorithms
presented in this work rely on the extraction of normal
vector information at the point locations, and usually,
scanning devices do not directly provide that. For this
reason, point normal estimation is performed using the
approach proposed by Jenke et al. (2008). For each point
in the cloud, the ten nearest neighbours are considered
and a plane is fitted. Afterwards, the number of nearest
neighbours is increased iteratively until a stable solution
for the normal vector is found.

Facade segmentation

The first step in our approach is the segmentation of the
raw point cloud into planar elements constituting the
building facade. Indeed, as previously discussed, in the case
of modern buildings, the majority of facade components are
planar. The detection of other shapes is not relevant for
buildings’ styles analysed in this paper.

Detection of facade elements is performed by means of
a modified RANSAC approach (Fig. 2). In particular, the
de-veloped approach works in a sequential manner. Indeed, at
the each iteration, the plane representing the maximum
consensus in term of points according to the RANSAC
principle is detected (generally, it is the largest plane in
the cloud). Then, points which are compatible with this
plane (inliers) are removed and, in the next iteration, a new
one is detected. The process stops when the size of the
maximum consensus plane detected is lower than the
minimal size defined by the user. However, two major
shortcomings reported in the literature about the sequential
application of RANSAC algorithm for point cloud
segmentation are the following:

+ its relative inefficiency in terms of computational time;
and
» the detection of spurious planes.



Fig. 2 Workflow of the facade
segmentation process
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In this paper, we will not address to RANSAC
variants designed to increase computational efficiency. We
only used the adaptive approach proposed by Hartley and
Ziesserman (2003). This modified version of RANSAC may
determine in adaptive way the number of samples to be
tested according to the sample size and the number of
inliers. In this way, the processing time can be significantly
reduced if compared to the standard approach.

A major effort was made to reduce bad-segmentation
problems reported by several segmentation algorithms
(Awwad et al. 2010; Boulaassal et al.
2009;PuandVosselman2006; Sapkota 2008). As previously
mentioned, bad-segmentation results can be categorized into
‘under-segmentation”  and  ‘over-segmentation’.  Under-
segmentation is generally due to the fact that points
constituting the maximum consensus to RANSAC in reality
belong to different objects. A typical example is represented
by windows. Indeed, even if they belong to the same
geometrical plane, each window represents a distinct
architectonical component. On the other hand, over-
segmentation is generally associated with noise or irregularities
in the data. Indeed, many facades present several irregularities
like out of plumbs and variation of shapes that are not evaluated
in the RANSAC inlier estimation. For example, in the case of
a facade presenting an out of plumb, the

Plane
clustering

Segmented model

segmentation may result in subdividing a single facade
wall into several objects.

In order to minimize under-segmentation problems,
two different strategies were included in the developed
segmentation pipeline. The first one checks the
consistency of point normal vectors and the estimated
RANSAC plane normal. This strategy is designed to
prevent clustering together points belonging to the same
geometrical planes but having different orientations. The
consistency check is performed during the RANSAC inlier
evaluation. Indeed, once three points are sampled from the
cloud and a plane is estimated, inlier evaluation takes into
consideration not only the distance from the estimated plane
but also the angular distance between point normal and
plane normal.

In Fig. 3a, the effectiveness of this check is shown. In the
case, this consistency check is not performed; those points
highlighted in red are clustered with the fagade wall while they
belong to the building roof. The evaluation of the direction of the
local point normal helps reduce these problems. The second
strategy copes with the problem of different objects having the
same direction and belonging to the same geometrical plane (the
problem of windows as previously discussed). In this case,
information about point topology is introduced. Points are not
usually related by any topological relationship



Fig.3 Under-segmentation removal: a segmentation results without (/eff) and with point vector consistency check; b bitmap for the window cluster (ef?)

and detected connected component represented with different colours (right)

in a point cloud but, if their density is sufficiently high
to sample in non-ambiguous way the surface, we can
assume that points belonging to the same object should be
sufficiently close to each other while groups of points
belonging to different objects should have a gap between
them. For this reason, once a maximum consensus plane
is defined, the connectivity between points is valuated.
This connectivity check is performed by generating a raster
bitmap. In particular, the bitmap is obtained by projecting
each point along the normal direction to the plane. If a
cell of the bitmap is occupied by at least one inlier, its
value is set to 1, otherwise it remains equal to 0 (Fig. 3b).
The cell size in the bitmap is chosen as the mean sampling
resolution in the point cloud. Indeed, larger cells may
sample in a too coarse way the point cloud and do not
overcome the under-segmentation problem. On the other
hand, a too small cell size may feat the limit of the scan
ground sampling distance (GSD). Once the bitmap is setup,
cells representing a connected component can be easily
found. Then, all points whose projection belongs to the
same connected component are grouped into the same
cluster (Fig. 3b). In this phase, some spurious segments
might be found. Indeed, each segment whose area is
lower than the user-defined minimal size is rejected.

Over-segmentation problems can be prevented by
increas-ing the RANSAC tolerances. However, this may
lead to ‘under-segmented’ parts which may be difficult to
split again. For this reason, in our work, we keep the
RANSAC tolerance low and a moderate over-segmentation
is preferred. Indeed, when the RANSAC plane detection
ends, over-segmented parts are combined together in a
clustering phase (Fig. 4). In particular, three parameters are
evaluated in the clustering: (i) similarity of normal vectors,
(i) perpendicular distance be-tween planes, and (iii)
intersection between planes. First, located objects are
clustered by using the mean shift algorithm (Comaniciu and
Meer 2002), according to their normal vectors. Then, into
each family of planes, the perpendicular distance between
clusters of points classified as representing

different objects is evaluated. If this distance is lower than
the user-defined RANSAC threshold and the convex hulls
of the two point clusters intersects, they are recognized as a
single object and fused together.

The developed segmentation methodology was tested on
a building of Politecnico di Milano university—
Campus D’Oggiono (Fig. 5a). This dataset was acquired
by a Faro Focus 3D laser scanner. Some technical
specifications of this laser are presented in Table 1.

In this case, three scans of the building facade were
performed and registered together by using 14
checkerboard targets whose centre was also measured
with a first-order theodolite Leica TS30. Statistics shows a
registration precision in the order of 2 mm. After
registration, scans were merged together into a unique point
cloud of about 15 million points having a GSD of 5 mm. This
point cloud was segment-ed by using the presented
approach into 120 planar clusters (Fig. 5b).

Breakline identification

Once the facade has been segmented into planar clusters,
breaklines are automatically identified in order to derive
a high level of detail vector models of the building. To
this aim, a contour extraction algorithm enforcing urban
scene priors has been developed. This algorithm relies on the
observation (Boulaassal et al. 2009) that points belonging
to a cluster contour can be individuated as extremities of
long sides of Delaunay triangles. For this reason, as a
preliminary step, a new coordinate system for each planar
cluster is defined performing principal component analysis
(PCA). The original coordinates (X,., Y., Zo.) are then
transformed in a new local space aligned along the principal
component directions (Xpew, Ynews Znew)- 1N particular, the
component Z.,, which is approximately directed along the
normal direction to the planar cluster may be considered as
negligible. Once the new coordinates are calculated (Xpew,
Yiew), @ bi-dimensional



Fig. 4 Over-segmentation a.
removal: a a small out of plumb
(1 cm) is detected in the fagade
(green cluster); b clusters are
merged after clustering all planes

Delaunay triangulation is performed and contour points of
each clusters are individuated at the extremities of long-side
triangles (Fig. 6a). Even if this method is quite robust in the
extraction of contours, the results obtained in this way
(Alshawa et al. 2009; Boulaassal et al. 2007; Martinez et al.
2012) are quite irregular showing a characteristic ‘sawtooth’
shape as can be seen in Fig. 6b. However, this is in contrast
with the characteristic fagade geometry where straight lines
are predominant, and they are mainly horizontal or vertical.
For this reason, in order to prevent this irregular edge effect, a
new approach for edge regularization and breakline extraction

Fig. 5 Raw point cloud of a
building fagade (a); segmented
point cloud(b), where each
segment is represented with a
different colour

has been developed based on a straight line and a surface
intersection constraint. Once the contour points are determined,
the dominant edge directions are identified by using a parsing
implementation aimed at detecting dominant lines. In the case
where nearly horizontal or vertical directions are detected in the
contour, a horizontal or vertical constraint is enforced (Fig. 6¢).
Finally, edges are transposed in the original datum.

However, extracted edges do not represent the final fagade
breaklines yet. Indeed, spatial resolution of the point cloud is
generally not enough to describe breaklines in a proper way. In
addition, due to the use of RANSAC, in the case of




Table 1 Technical specifications of Faro Focus 3D laser scanner

Faro Focus 3D technical specifications

Range measurement Phase shift

Range for distance 0.6-150 m

Angular resolution 0.009°

Measurement speed 120.000-976.000 points/s

Precision at 10 m 0.6 mm (90 % reflectivity)

1.2 mm (10 % reflectivity)
0.95 mm (90 % reflectivity)
2.2 mm (10 % reflectivity)

Precision at 25 m

intersecting surfaces, the points lying on the intersection (that
belong to both surfaces) are assigned only to one cluster
(generally to the larger one). Due to these shortcomings, edges
of the intersecting surfaces do not coincide anymore (Fig. 7a).
In order to enforce the surface intersection, nearly identical
edges are detected. In particular, two edges are classified as
nearly identical if the distance between them is lower than the
RANSAC threshold used for plane detection. Once two nearly
identical edges are detected, surface intersection is enforced
(Fig. 7b). Surface intersection constraint not only re-
establishes topology between objects but also increases accu-
racy of detected breaklines. Indeed, by means of surface
intersection constraints, breaklines are calculated as intersec-
tion of planes which are estimated from a large set of points.
On the other hand, edge calculation from contour points may

Fig. 6 Edge extraction:
Delaunay triangulation (a) and
boundary edges before (b) and
after (c) the straight line constraint
application

be more affected by noise in the point cloud. In addition,
as previously discussed, the accuracy of laser scanning
measure-ments in correspondence of edges is generally
lower than the one on smooth surfaces.

Finally, detected breaklines are exported into a DXF
(drawing exchange format) file that can be loaded into a
CAD environment for manual editing and drawing
production (Fig. 8a). However, for many applications, a
simple edge representation is not sufficient and a more
complex surface model is needed (Fig. 8b). In those cases
(like in BIM), a constrained Delaunay triangulation, where
facade breaklines represent constraints, is used.

Object classification

The segmentation and the identification of breaklines both
lack of semantic understanding of each object of the
fagade. However, for many applications, and in particular in
the case of thermal retrofitting, an enriched fagade
description is of primary importance for design purposes.
Consequently, the derived facade model needs of
undergoing a semantic classification.

In a facade, each feature has some peculiar characteristics
which can be described as recognition rules that can be derived
either from the statistical analysis of a training set, or they can be
based on the knowledge of some priors on the fagade and urban
scene. The former approach has the main disadvantage of an




Fig. 7 Plane connection before a.
(a) and after (b) the surface
intersection constraint

out-of-core training phase based on a wide number of manually
classified cases. However, they can be generally applied for a
wide variety of building types. The latter is applicable only for
the building types featuring the defined priors. The classification
presented in this paper belongs to this second group. On the
other hand, to increase the field of application, the defined rules
are quite general, and they can be used for a wide variety of
building types. Only for a limited number of architectural styles
are the defined priors no more adequate. In particular, the
following characteristics are evaluated:

*  Object size: for example, facade walls can be easily dis-
tinguished by other elements because they have a larger
area;

*  Object position and topology: for example, assuming that
doors can be only at the bottom floor, roofs are always on

Fig. 8 Detected breaklines (a) a.
and reconstructed building

geometry (b)

the top of walls and the ground is the object at the lowest
level; and

* Object orientation: for example, we assume that walls are
vertical, while ground and roofs are horizontal or mildly
sloped.

The recognition rules used for different object characteris-
tics are summarized in a classification tree (Fig. 9) which is
used to drive the entire process.

The classification process begins with evaluating both area
and position of all the detected objects. First, the ground is
detected because it is the horizontal (or pseudo-horizontal)
object at the lower level. Then, fagcade walls are extracted
since they are perpendicular to the ground and with the largest
area with respect to all other vertical objects. Indeed, the wall
area in a fagade is generally much larger than the one covered

b.
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Fig. 9 Classification tree. Orange diamonds are conditions while blue
rectangles represent facade elements

by other vertical objects, like windows or doors. In addi-
tion, main facade planes are generally less than sidewalls,
windows and doors, so they can be considered as outliers
and can be easily detected by robust statistics. Flat-like
objects over walls and protruding out from the facade are
classified as roof. For all non-classified objects, their po-
sition with respect to the main facade wall is evaluated.
Objects in front of the facade are considered as extrusion
objects and then classified in a general way as wall
attachments. Objects beyond the plane of the facade are
first assigned as intrusions, then split into sidewalls, win-
dows and doors. Sidewalls can be easily recognized be-
cause, in contrast to other intrusions, their orientation is
perpendicular to facade walls. In order to distinguish be-
tween doors and windows, it is assumed that doors are
only at the bottom floor. In addition, in correspondence of
a door, the main facade plan has a characteristic gap
having an inverted ‘U shape’, while in correspondence
of windows, the gap has an ‘O shape’. Starting from these
considerations, doors are searched only at the ground floor
and in correspondence of inverted ‘U shape’ gaps in the
main wall face. Other intrusions parallel to the fagade
plane are classified as windows.

BIM model generation

Even if several geometric file models have been devel-
oped in both computer graphic and CAD fields, files

allowing semantic definition are relatively few. The two
most prominent standards are Industry Foundation
Classes (IFC) and City Geography Markup Language
(CityGML) (Isikdag and Zlatanova 2009). Even if the
two data structures share some similarities, several
works in the literature (Benner et al. 2005; Isikdag
and Zlatanova 2009; Nagel et al. 2009) showed differ-
ences between these two standards both in the geometry
description and in semantic object definition. In partic-
ular, IFC holds a more detailed information about build-
ing objects than CityGML. For this reason, no straight-
forward translation rules between IFC and GityGML
standards are available. For this reason, once the build-
ing geometry has been defined (see “Breakline identifi-
cation” section) and each fagade objects has been clas-
sified (see “Object classification” section), the 3D model
of the building facade is generated both in CityGML
and IFC standards, in order to allow high interoperabil-
ity with several CAD environments as well as thermal
evaluation performance software packages.

CityGML (Groger and Plimer 2012) is a meta-
language (Fig. 10), developed starting from the schema
of the Geography Markup Language 3 (GML3) and the
XML file format, for the representation of 3D urban
objects, and has been recently adopted as an interna-
tional standard for modelling cities in the Open
Geospatial Consortium (OGC) and the EU. The
CityGML language defines classes and relations for
the most relevant objects in cities with respect to their
geometrical, topological and semantic properties. An
important aspect is that it is applicable both for large
regions and small areas and can represent 3D objects in
different levels of detail. In particular, four levels of
detail (LOD) were defined in order to represent
buildings:

* LODI: buildings are represented by block models with
flat roofs;

* LOD2: buildings are represented by blocks but have a
differentiated roof structure;

* LOD3: denotes architectural models with detailed wall
and roof structures, balconies and windows; high-
resolution textures can be mapped onto these structures;
and

* LOD4: completes a LOD3 model by adding interior struc-
tures for 3D objects (e.g. rooms, interior, stairs, and
furniture).

Nowadays, IFC is seen as the strongest player of the
BIM world. IFC is an object-oriented format developed
by the International Alliance for Interoperability (IAI).
The goal of IFC is to specify a common language for
building industry technology aimed at improving
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Fig. 10 CityGML file structure at different LODs (a) and feature structure at LOD3 showed as UML instance diagram

communication, productivity, delivery time, cost, and
quality throughout the design, construction and mainte-
nance life cycle of buildings (Hallberg and Tarandi
2009). Each specification (called ‘class’) is used to
describe a range of things that have common character-
istics. In particular, building elements and opening ele-
ments are subtypes of structural element. Each building
element has zero or more opening elements, i.e. a wall
without any door or window has zero openings, whereas
each opening element (like a door and window) is
attached to only one building eclement. Figure 11 shows
12 types of building elements that can represent a
building structure in IFC standard.

The object features derived from the previous classi-
fication step can be used in a straightforward way to
generate a CityGML model at LOD3 (Fig. 12a). Indeed,
the features defined in CityGML meta-language as
RoofSurface, WallSurface, GroundSurface, Window,

Door, Buildinglnstallation,andGroundSurface have a
clear correspondence with previously classified objects.
This standard has a high flexibility. An important aspect
is given by the fact that additional information can be
addedtothe model,e.g.theLocation which indicates the
global position of the building and its orientation. This
can be used to evaluate facade exposition and sunlight
or other descriptive data which are of major interest
for energy efficiency evaluation, like the insulation
value (U value) for windows, walls, floors and roofs
(see Africani et al. (2013)).

However, the previously defined classification
appears too coarse for the IFC standard. Indeed, objects
that were previously classified in a general way as wall
attachments in IFC files are classified as different features
(e.g. IfcStair and IfcRailing). This is the limiting aspect
underlined by different authors for direct conversion
between CityGML and IFC. However, even if the
concept of LOD is not



Fig. 11 Simplified IFC file 1 rYSTra— e << Object >> << Object >> << Object >>
structure —HA ba = IfcShape Ifewall ] ifestair
IfcProject .
- 1 Representation
<< Object >> :
0.* feProduct << Object >> <<Object >>
<<Object >> odu _l_ << Object >> | [|1fcCurtainwall| [ | 1fcWindow
"? IfcSite 1 IfcLocal
T 0-11 placement << Object >> <<Object >>
0..* - 1 i | Ifeslab
<<Object >> | | << Object >> IfcBeam cSla
— IfcBuilding _{> i <>—|
1 IfeSpatial 1 0.* << Object >> << Object >>
e Structuretlement n — —
0.. - << Object >> IfcDoor IfcRamp
<<Object> | | IfcElement
IfcBuildingStoery | > << Object >> << Object >>
[ ] ] 1fcColumn | ifcRailing
<< Object >> << Object >> 1 S| << Object >> - -
IfcSpace IfcOpening IfcBuilding |CH_| << Obiect >> «<Object >>
Element Element IfcCovering IfcRoof
0.* 1 1“n] 1
<< Object >>
IfcBuilding
ElementProxy|

directly related to the IFC data structure, different levels of
details can be also be introduced in the modelling of a
building in BIM environment both in the geometrical
representation and in the semantic definition. For this
reason, considering a LOD lower than the maximum one
allowed by IFC standard, different semantic objects can be
grouped in the same IFC class. In particular, an object
classified as a wall attachment can be represented in the
IFC standard as IfcBuildingElementProxy; i.e. a definition
that provides the same functionality as
an [Ifc Building Element, but without having a defined
meaning of the special type of building element it
represents. In a similar way, the ground can be
represented in IFC as a particular kind of [fcSlab that
can be defined for example

Fig. 12 The CityGML (LOD3) a.
facade model (a) and the same
fagade represented in IFC
standard (b) present different
semantic classification due to the
differences between standards

CityGML Modell
&) CityGML Building

B CityGML WallSurface ]

&8 CityGML GroundSurface Il i
(B CityGML Door

[E) CityGML Window

-1
(@] CityGML BuildingInstallation |
.| CityGML RoofSurface | |

as BaseSlab. On the other hand, wall, window, door and
roof objects have a direct correspondence with IFC
classes (Fig. 12b).

Integration of 3D facade model with thermal images

Infrared thermography (IRT) is a powerful tool for evalu-
ating building thermal efficiency. In particular, the usage
of IRT for localization of thermal bridges, heat losses and
thermal anomalies is a fundamental preliminary step for
planning thermal retrofitting. For this reason, the integra-
tion of thermal data and building geometry into the same
spatial framework has the potential to lead to a more
complete analysis of the thermal behaviour of a building.

b.

IfcProject

&) IfcBuilding
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The crucial step for data integration is the co-registration
of both datasets (thermographies and fagade model) in the
same datum. To this end, thermal images are accurately
registered by wusing a bundle adjustment solution
combining both thermal and RGB images as described
in detail in Previtali et al. (2013).

Here, the orientation of thermal images is performed
by using a combined bundle adjustment integrating
also a block of RGB images (Scaioni et al. 2012). This
solution allows a better control on the quality of
results and reduces the number of points to be
measured on the thermal images with respect to
other traditional approaches. First, only a set of RGB
images, acquired with a calibrated camera and fulfilling

adequate requirements in terms of overlap and
acquisition geometry, is oriented within a standard
photogrammetric ~ bundle  adjustment. This  first

adjustment is based on a set of ground control points
(GCPs), used to fix the datum, and a set of tie points
(TPs). These TPs, whose 3D position is estimated within
this first adjustment, are also exploited in a second step
for the co-registration of IRT images. This means that TPs
should be preferably measured in correspondence of
elements that are clearly visible in both RGB and IR
images (e.g. window and door corners). Once RGB im-
ages have been registered to the reference system of the
object model, IR images are added to the block by iden-
tifying in these images some TPs among those
previously measured in the block of RGB images.
Finally, a combined bundle adjustment including both
RGB and IR images is computed to work out the
exterior orientation (EO) parameters of all images.

Applications and geometrical accuracy assessment

This section presents the application of the developed
modelling procedure to a couple of real building
facades. The first one is the previously introduced
D’Oggiono Campus building; the second one is a simple
building of Politecnico di Milano—Campus Leonardo.
In particular, these test are focussed to assess the
reliability of the approach under different operational
conditions and facade typologies. Quality evaluation is
performed for each step of our procedure:

» Facade segmentation: point clouds of the building fagade
are manually classified into planer clusters and used as
ground truth for comparison between reference data and

automatic classification results;
* Breaklines identification: the Campus Leonardo building

was manually vectorized, starting from the point cloud,

and facade breaklines were identified. Those breaklines

Table 2 Parameters used for fagade modelling for the analysed datasets

D’Oggiono Campus building
Leonardo Campus building

RANSAC plane threshold & 1 cm
RANSAC normal threshold « 20°
Bitmap cell size 3 I cm
RANSAC dominant line threshold ¢ 0.7 cm

are used for evaluating accuracy of automatically detected
ones;

* Object calcification: points of each type of facade
element are manually selected from the original
point clouds and are compared with object classifi-
cation results.

D’Oggiono Campus building

This section provides the experiment details
of ‘D’Oggiono Campus building’ where a portion of
the Lecco campus headquarter was scanned. The first
step of the developed methodology is facade
segmentation. The parameters presented in Table 2
were used in the processing.

Starting with the evaluation of the presented facade seg-
mentation algorithm, two different statistics are evaluated.
The first one reflects commission that is the probability to
erroneously detect a plane, and it is defined as the ratio
between the number of wrong detected plane and the total
number of real planes. The second one reflects the
omission, i.e. the probability of a real plane being
undetected, and it is defined as the ratio between
undetected planes and the total number of planes. In
Table 3, the statistics for both datasets are presented showing
good results against both omission and commission errors.

In order to verify the geometrical accuracy of the presented
automatic edge detection process, we compared the detected
breaklines with the manually derived ground truth model.

Table3 Commission and omission errors for facade segmentation

D’Oggiono Campus Leonardo Campus

building building
Automatically detected planes 120 22
Correctly detected planes 116 21
Manually labelled planes 125 22
Commission error 32 % 45 %
Omission error 72 % 45 %




Table 4 Commission and omission errors for breakline extraction
algorithm

D’Oggiono Campus Leonardo Campus

building building
Automatically extracted 505 110
breaklines
Correctly detected breaklines 484 106
Manually derived breaklines 530 124
Commission error 358 % 323 %
Omission error 8.68 % 14.51 %

First, the reliability of breakline detection was tested by
evaluating commission and omission errors in a way similar
to that one previously introduced (Table 4).

The classification performances are evaluated by
comparing manually labelled point cloud, used as a
reference, with the automatic classification results. Based on
the comparison of all facade classes, a confusion matrix is
created. The con-fusion matrix together with commission
and omission accu-racies is reported in Table 5. In this table,
each row represents the detected instances in a class while
column represents the actual ones. The commission error
reflects the probability that, given an object classified in a
certain class, it does not belong to the same class in the
reference data. On the other hand, the omission error measure
the probability that, given an object in the reference data, it
has not been correctly classified. So, commission is a
measure of the exactness, whereas recall is a measure by
omission. We can observe that the overall classification
accuracy, which is calculated as the sum of the correct
classified objects divided by the total number, is 97.46 %,
and omission and commission errors are 0 for five classes.

Finally, the derived model was textured with IRT images.
In this case, a small block of three RGB images acquired with
a Nikon D700 with a 35-mm lens was used in conjunction

Table5 Confusion matrix for the D’Oggiono Campus building

with the IR image (Fig. 13a). Fourteen checkerboard targets,
measured with a first-order theodolite, were employed for the
registration of laser scans and were also used as GCPs during
the first-stage bundle adjustment including the RGB image
only. In addition, 20 tie points in correspondence of window
and door corners were measured on both RGB and thermal
images to obtain the EO parameters of all images (Fig. 13b).
Statistics of the combined bundle adjustment showed a final
sigma-naught of about 0.9 pixels, which expresses the average
measurement precision of points in both datasets. Starting
from the 3D textured model (Fig. 13a), thermal and RGB
orthophotos (Fig. 20) can also be generated and used in GIS
environment for further exhaustive analysis (Previtali et al.
2012).

Campus Leonardo building

Also, in this second case, the Faro Focus 3D laser scanner
was used. Two scans of the building were acquired and
fused together after registration. The final point cloud has
about five million points and a mean ground sampling
distance of 7 mm (Fig. 14). A quite significant noise is
evident in the cloud due to the presence of a large tree just
in front of the building. In Table 3, the statistics for
segmentation results are presented. As can be seen from
Table 4, omission error in the case of Leonardo Campus
building is quite large. This is due to the fact (Fig. 15) that
the presented algorithm failed in detecting the door edges
because it is coplanar with the facade wall.

Then, the accuracy of the reconstructed breaklines was
derived by comparing the ground truth position of each
line with the position estimated by our algorithm (Fig.
15). In particular, we defined for each edge the absolute
modelling error as the absolute magnitude of the difference
between the ground truth and model position of the edge
vertices. From these measurements, a mean difference of 4
mm and a standard deviation of 1 mm were found,
confirming the reliability

D’Oggiono Campus building Reference
Wall  Roof  Sidewall ~Window Door  Ground  Attachment Total  Commission error (%)
Classified ~ Wall 20 0 0 0 1 21 4.7
Roof 1 6 0 0 0 7 16.7
Sidewall 0 0 40 0 0 0 0 40 0
Window 0 0 30 0 0 0 30 0
Door 0 0 0 1 0 0 1 0
Ground 0 0 0 1 0 1 0
Attachment 0 0 0 0 20 20 0
Total 21 6 40 30 1 1 21 79
Omission error (%) 4.7 0 0 0 0 0 5




Fig. 13 Thermal image integration for D’Oggiono campus building: the IR image (a), a 3D view showing camera poses of both RGB (blue) and thermal
(red) cameras (b), IRT textured fagade model (¢), IRT orthoimage (d), RGB orthoimage (pixel size 0.9 mm) (e), and thermal pan-sharpened orthoimage (f)

of the matching algorithm which is acceptable if compared to ~ Finally, the classification performances are evaluated
the resolution of the laser scanner. (Table 6). In this case, the overall classification

e e S —
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Fig. 14 Test facade: raw point cloud (a), segmented clusters (c), and detected breaklines (c¢)



Automatic

Fig. 15 Test facade: breaklines detected by the automatic (green) and manual (red) procedures (a) and a detail of the comparison

accuracy is 95.45 % while omission and commission  This is given by the fact that the only door in the scene
errors are 0 for all classes, exception made for door. is coplanar with the facade wall.

Table 6 Confusion matrix for the classification algorithm

Leonardo Campus building Reference

Wall Roof Sidewall Window Door Ground Attachment Total Commission

error (%)
Classified Wall 9 0 0 0 1 0 0 10 10

Roof 0 0 0 0 0 0 0 0 0
Sidewall 0 0 8 0 0 0 0 8 0
Window 0 0 0 3 0 0 0 3 0

Door 0 0 0 0 0 0 0 0 0
Ground 0 0 0 0 0 1 0 1 0
Attachment 0 0 0 0 0 0 0 0 0

Total 9 0 8 3 1 1 0 22

Omission error (%) 0 0 0 0 100 0 0




Conclusions

This paper presented a novel procedure to derive 3D BIM
model of building fagades starting from unstructured laser scan
point clouds and their integration with infrared thermographic
analysis. The developed procedure for automatic facade model
generation relies on a modified RANSAC approach for planar
object identification, which is mainly focussed to avoid bad-
segmentation results by adding some topological information.
Once planar clusters are detected, breaklines of the fagade are
automatically reconstructed, introducing some priors typical of
the architectural style of many modern buildings. A semantic
enrichment of the model is obtained by using a classification
tree to recognize facade objects and allowing modelling the
building at LOD3. Occlusions and data lacks determine some
gaps in the automatically generated model. For this reason, the
derived models can be used as an alternative to manual CAD
models (in the case when only a simplified model is sufficient
and then the output of the automatic modelling procedure may
suffice) or in conjunction with manually generated models (if
very accurate modelling is needed). In the second case, manual
modelling can take place after the automatic generation of the
model with a consequent increment of the efficiency along with
a cost reduction. The proposed methodology was tested on a
couple of buildings, and a wider analysis is needed in the future
for its validation on a larger number of buildings with different
architectural styles. In particular, the segmentation process and
the breakline extraction algorithm are not expected featuring
criticalities for modern style building where ‘Manhattan world
assumption’ holds. Analyses of other building styles are out of
the aims of this paper. On the other hand, the classification
strategy may result in significant misclassifications in the case
when the analysed building does not feature the priors we have
formalized. For example, in our scheme, balconies will be
generally categorized as wall attachments while a proper sub-
class would be more adequate. For future applications, the
classification tree will probably need some extensions.
Finally, an innovative solution for the integration of 3D BIM
models of complex structures and IR images was presented. In
particular, the combined adjustment of thermal images and
RGB data can enhance the registration of IR images. The
derived BIM model can be used to identify thermal defects
and heat losses in order to provide a support for energy
retrofitting design at both stages of thermal energy efficiency
evaluation and production of executive drawings. In addition,
the possibility to integrate BIM functionalities allows one to
perform a cost-benefit analysis maximizing the energy saving.
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