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Abstract

Current processes that create Building Energy Performance Simulation (BEPS)
models are time consuming and costly, primarily due to the extensive man-
ual inputs required for model population. In particular, generation of ge-
ometric inputs for existing building models requires significant manual in-
tervention due to the absence, or outdated nature of available data or dig-
ital measurements. Additionally, solutions based on Building Information
Modelling (BIM) also require high quality and precise geometrically-based
models, which are not typically available for existing buildings. As such, this
work introduces a semi-automated BEPS input solution for existing build-
ing exteriors that can be integrated with other related technologies (such
as BIM or CityGML) and deployed across an entire building stock. Within
the overarching approach, a novel sub-process automatically transforms a
point cloud obtained from a terrestrial laser scanner into a representation
of a building’s exterior facade geometry as input data for a BEPS engine.
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Semantic enrichment is performed manually. This novel solution extends
two existing approaches: (1) an angle criterion in boundary detection and
(2) a voxelisation representation to improve performance. The use of laser
scanning data reduces temporal costs and improves input accuracy for BEPS
model generation of existing buildings. The approach is tested herein on two
example cases. Vertical and horizontal accuracies of 1% and 7% were gen-
erated, respectively, when compared against independently produced, mea-
sured drawings. The approach showed variation in accuracy of model gener-
ation, particularly for upper floors of the test case buildings. However, the
energy impacts resulting from these variations represented less than 1% of
the energy consumption for both cases.

Keywords: Light Detection And Ranging (LiDAR), Laser Scanning,
City-Scale Modelling, Building Energy Performance Simulation (BEPS),
Retrofit, Semi-Automated Fagades Generation

1. Introduction

The advantages of creating and using Building Energy Performance Sim-
ulation (BEPS) models for existing buildings are well known. Such models
can be used during design to predict energy usage, calibrated to reflect cur-
rent building consumption, and employed to aid optimisation procedures [IJ.
However, there is a significant performance gap between predicted and actual
performance for the majority of existing buildings [2], 3], 4] - implying limita-
tions of existing models - which may be ascribable to discrepancies in their
geometric representation. Other BEPS related factors include modelling as-
sumptions, modeller errors, calculation errors within the programme and the
absence of model updates that mirror changes to the building over its life
cycle. Typically, BEPS models are associated with the design phase of the
building life-cycle (BLC) and are not usually updated to reflect changes that
occur to the building over time [5]. In cases where the model has been up-
dated to reflect such changes in the physical building and its operations and
subsequently calibrated, BEPS models have been shown to be instrumental
in achieving greater operational efficiency [6]. Furthermore, as a decision
making tool, BEPS models can compare alternatives during retrofit design
scenarios [7]. Consequently, such tools are desperately needed as countries
struggle to meet carbon emission and energy consumption targets within the
context of the existing building stock.
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For example, within Europe, authorities predict that 80% of the cur-
rent building stock will still exist in 2050. Thus, scalable solutions must be
developed to serve the extensive retrofitting market associated with these
buildings [8]. BEPS tools can serve as an enabling mechanism for the im-
proved operational performance of such buildings and groups of buildings [9].
Unfortunately, the process of creating relevant models is complex, expensive,
and time consuming and involves the manual input of a significant amount of
data [I0]. Automating the process of entering building geometry into BEPS
tools could be a critical motivator to encourage building practitioners to use
such tools throughout the BLCs of existing buildings.

Notably, there have been many recent advances in automated building
model generation, particularly in BIM based solutions, whereby BIM geom-
etry is traced over a point cloud captured by laser scanning, also known as
Light Detection and Ranging (LiDAR). In BIM based solutions, the model
is generated in BIM authoring tools such as Revit or ArchiCAD or through
hybrid methods. Such hybrid methods tend to have significant manual input
requirements [11, [12] and are, thus, not easily extendable to district-level or
city-level investigations. Additionally, while the hybrid approaches have been
used in an energy optimisation context, solutions using point clouds have not
been used as a basis for automated geometric parameter input within the
BEPS sphere, despite its widespread availability for building groups [I3] and
its potential impact in facilitating cost-effective BEPS models of individual
buildings.

From a BEPS model development perspective, the key issue is the cre-
ation of the BEPS geometry [14]. Automated and semi-automated solutions
aim to ease the burden for BEPS modellers, but such approaches require
precisely defined inputs in a BIM format such as IFC [15, [16, 17]. Thus,
creating a BIM for an existing building, especially with the view to BEPS
modelling is a challenging task. Given the nature and need for large-scale
building retrofits and a parallel move towards interlinked digital models that
capture and represent the built environment over time, proposed solutions
must concentrate on efficient and cost-effective BEPS model development.
Such a model must represent a building’s status and be updated with rela-
tive ease to account for retrofit design alternatives, thereby, allowing for the
quantification of the proposed impact of individual and combined retrofit
measures, as well as changes in user behaviours. To date, leveraging LiDAR
data for BEPS has not been considered feasible for energy simulation tools.
Although Garwood et al. [18, [19] presented interesting advances and a large-
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scale case study in the area of point cloud processing, their process requires
manual intervention during the interpretation of the point cloud data. Since
the fundamental inputs for BEPS tools are two-dimensional (2D) planes rep-
resenting zone surfaces enclosed by a series of connected lines, BEPS tools are
incapable of interpreting a point cloud associated with its attributes without
post-processing. Traditional approaches use intermediary programmes, es-
pecially those that are based on Computer Aided Drawing (CAD) programs.
However, they require significant manual intervention to convert point clouds
into the lines and planes required for BEPS inputs, and production difficulties
may arise due to having to manage massive quantities of data points.
Several methods have been developed to automate the reconstruction of
internal building components, e.g. walls, doors, ceilings and floors. For
example, Budroni et al. proposed a plane-based sweep algorithm to detect
the walls, ceilings and floors [20]. In this implementation, the vertical sweep
initially extracted horizontal planes, and vertical walls were detected using
a horizontal sweep. By using the advantages of a voxelisation model, Valero
et al. decomposed a point cloud into a voxel space [21]. By examining the
distribution of voxels in the horizontal plane, the floors and ceilings were
contained a large number of voxels, and the point clouds within these voxels
became inputs for the floors and ceilings. The remaining data points were
projected onto a 2D horizontal plane to create a binary image. The walls
were then identified by using a Hough Transform. An approach presented by
Sanchez et. al. extracted point clouds of floors, ceilings and walls by using
normal vectors of the points [22]. Then alpha shapes were used to fit the
floors, ceilings and walls. In contrast, Shi et. al. combined a region-based
segmentation and model-based segmentation to extract building surfaces [23].
In summary, the cost for reconstructing a 3D building model is still high.
For example, when Garwood et. al. combined external and internal scan-
ning to reconstruct building geometry and to determine the thickness of the
building components (e.g. thickness of the walls and ceilings or floors), the
process took several weeks to create a 3D geometry model using Leica Cy-
clone software [19]. In response, this paper proposes a seamless, efficient, and
robust process for generating geometrically accurate models for BEPS from
terrestrial laser scanning data. Notably, the proposed method can work with
multiple building shapes and components and can overcome missing data.
This paper addresses current research gaps that persist when using in-
termediate data formats such as [FC or ghXML, as further transformation
processes from these formats have limitations that result in data loss and er-
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rors when applied at scale. IFC to BEPS tools are currently at the prototype
stage only and require consistent, high quality inputs. They are, therefore,
not sufficiently robust. As a result, such approaches are not yet ready for
wide-scale deployment. Approaches that first map to gbhXML prior to en-
ergy modelling have a systematic limitation, as ghXML uses the centre-line
for representation of geometry. In the context of energy simulation in build-
ings, this centre-line convention typically results in discrepancies in calculated
surface areas and volumes, which significantly exceed standard engineering
tolerances and cause over estimations of building energy consumption, as
defined by Bazjanac et. al. [24].

Consequently, the aim of this work is to develop a new methodology for
extracting the exterior geometry of a building appropriate for BEPS mod-
elling. This is to be achieved through the use of a terrestrial laser scanner
(TLS) and an automatic, seamless, scalable, and robust method for recon-
structing 3D building models without any third party software or manual
intervention. This representation is subsequently transformed using a short,
semi-automatic process into a format that is directly usable for building en-
ergy performance simulation. In doing so, the proposed solution overcomes
many limitations such as (1) incorrect geometric representations in ghXML
and (2) extremely precise geometric definitions in the IFC format when pro-
cessing [FC for energy modelling conversions. In this case, the transformation
is for BEPS modelling of existing buildings. The semi-automated nature of
the approach represents an important step towards deploying BEPS mod-
elling across groups of buildings, an important consideration as cities move
towards interlinked digital representations of all building assets. The remain-
der of the paper is organised into five sections.

Section [2] describes the state-of-the-art in this area, while Section [3] out-
lines the methodology behind the semi-automated process for building facade
generation. The novel method to transform the resulting data into the format
required for building simulation purposes is then illustrated (Section . The
validation methods for the models are discussed, and a demonstration of the
process is given (Section . Finally, in Section @, conclusions, limitations,
and possible future work in this area are addressed.

2. Related Work

Western societies have a pressing need for scalable, building-specific so-
lutions that address a largely energy inefficient building stock [8]. Recent



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

158

159

160

161

162

163

164

165

166

167

168

169

170

171

developments in the area of building innovation for energy use reduction
have primarily focused on identifying retrofitting measures, while dismissing
the use of BEPS tools because of the cost, time, and effort needed to de-
velop and calibrate such models. Additionally, BEPS tools typically gener-
ate entity-averaged outputs, as opposed to identifying localised discrepancies
[25] (i.e. average wall heat flux (W/m?), or identifying wall segments with
poor insulation levels). However, BEPS can be an enormously useful tool
when evaluating a range of retrofit alternatives. Since the goal of the paper
is to develop an automatic process to create 3D building models for BEPS
from LiDAR data, the related work section is restricted to the creation of
3D building thermal profiles and building energy modelling. Input data for
those purposes can be thermographic imagery and/or laser scanning data.
For other aspects relating to building energy modelling, readers are referred
elsewhere (e.g. Cho et al. [10]).

Three-dimensional building thermal profiles

Increasingly, efforts to visualise building energy at a city scale are being
undertaken. Two notable projects of significant size include the Energy Atlas
Berlin [26] and SEMANCO [27]. Both projects predict a rudimentary annual
energy usage for each building within the study area. The Berlin project in-
cludes approximately 500,000 buildings [26]. The geometric building models
were created from a combination of aerial laser scanning (ALS) data and
2D footprints, that were then textured with photographs of the building
facade. In contrast, the SEMANCO project proposed a platform support-
ing improved energy analysis based on existing data, which was applied to
three urban areas with a combined population exceeding 150,000 people [27].
In this project, a set of tools were also developed to automatically create
3D maps from aerial photography and a digital earth model (DEM) or dig-
ital terrain model (DTM), with the corresponding energy usage integrated
for visualisation. In related work, Lopez et al. [28] presented a complete
methodology for generating thermographic 3D point clouds of urban areas
by using a thermographic camera to acquire thermal data and mobile laser
scanning to collect building topography. Similarly, a combination of TLS
data and aerial ortho-photography was used to manually create 3D build-
ing models with level of detail (LoD) 2 for computational fluid dynamics
(CFD) analysis to estimate temperatures in urban environments [29], but
the method proved time consuming in both data acquisition and building
model generation.
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In an effort to explore detailed energy consumption of the building, Lagiiela
et al. [30] mapped thermal images onto the point cloud of the building to
measure energy efficiency directly. Similarly, Gonzalez-Aguilera et al. [31]
textured thermographic images onto a 3D point cloud of a building, which
was generated from matching thermographic images. Lagiiela et. al.. [32]
textured as-built models with RGB and thermographic images to diagnose
and analyse building energy usage. The proposed method created the build-
ing model as a set of intersection lines between the building surfaces, where
the doors and windows were not included. Focusing on interiors, Borrmann
et al. [33] used a mobile robot to integrate a thermal camera and laser scan-
ning sensor for automatic data acquisition and generated a full thermal model
of a building’s interior. Additionally, Cho and Wang [34] used a TLS and
a thermal camera to generate 3D point cloud models for building envelopes
with the corresponding temperature values at the individual point level.

Significant research initiatives have developed efficient methods to create
accurate 3D building energy profiles, but these methods do not explicitly
exploit building geometry. As such, the models for mapping thermal infor-
mation therein cannot be used directly in energy tools. Work in that area is
described in the next section.

Building Energy Modelling

A geometric building model is a crucial part of BEPS. With recent de-
velopments in point cloud acquisition and processing, 3D geometric building
models have the potential to support building energy modelling. However,
in practice, 2D geometric information is still primarily used for energy mod-
elling. For example, Moran et al. [35] applied the Passive House Planning
Package tool to assess energy usage and CO, emissions in historic buildings
in the city of Bath. For that effort, manually collected, 2D geometric data
of building components were used. Similarly, to evaluate energy retrofitting
results, Morelli et al. [30] created building envelopes of existing structures
by employing the software Bel(O, where the geometric building model was
derived from building planning documents.

Three-dimensional building models are increasingly being used to improve
the accuracy of energy simulation. For example, Ham and Goparvar-Fard [37]
evaluated predicted building energy performance derived from a combination
of CFD and EnergyPlus software against actual measurements from digital
and thermal imagery. Thermal image information was mapped onto building
models created from a large number of digital images, which allowed users to

7
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visualise and compare actual measurements and simulated results in a com-
mon 3D environment. Several automatic algorithms have been developed
to create either exterior or interior 3D building models, but certain limi-
tations persist: (1) primarily applicable to relatively simple buildings [38§];
(2) require a priori knowledge [39]; and/or (3) give relatively low geometric
accuracy [40]. Amongst the methods for exterior building model reconstruc-
tion, Zolanvari and Laefer [41] recently proposed a slicing method to divide
the building fagade into the number of independence horizontal and vertical
strips. The points of the strip were then compressed into line segments, and
the end points of the line segments were known as boundary points. The
method provides relatively high levels of accuracy for the boundary points
and single fagades but does not create automatically complete building mod-
els. Similarly, Li et al. detected the corners of openings based on the gradient
of the number of points within the sliding window search along both hori-
zontal and vertical directions [42]. Although the method can work properly
for a case of partial missing data, it is limited for facades with rectilinear and
repetitive openings.

Moreover, with a recent demand for BIM and indoor navigation, recent
methods mostly focus on generating indoor building models but accurate
detection and generation of openings (doors and windows) is still difficult for
older and complex structures [43]. For example, in reconstructing openings
from interior point clouds, Adan and Huber used the Hough transform to
detect boundary lines based on boundary points of openings extracted from
an binary image of a wall [44]. This work reported an average absolute
error of 5.39cm for window dimensions with a standard deviation of 5.70cm
when compared to the ground truth. Diaz-Vilarino et al. generated building
models from TLS data that had door and window errors typically ranging
from 2.8% to 6.5%, with a maximum error of 34.3% [40]. Wang and Cho used
data points on the edges of the building and its windows for BEPS tools [45]
. However, the generated building geometry had a relatively low accuracy
with average errors of around 16.9% and 12.5% for the window widths and
lengths, respectively.

Jung et al. used boundary tracing to extract boundary points of in-
terior walls and openings from binary images [46]. Subsequently, a con-
strained least-squares adjustment approach generated boundary lines from
these boundary points — the accuracy of the interior building components
depends on grid size and threshold distances. The study also calculated a
root mean square error (RMSE) between a 3D wireframe model’s vertices

8
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and a ground truth derived from total station measurement of about 4.8cm.
Tamke et al. used supervised learning techniques to detect and classify open-
ings from a point cloud of interior building walls [47]. The method can detect
openings with a success rate 91.2% for doors and 72.8% for the windows but
with 39.5% classification error. The extracted doors and windows averaged
9.8% smaller than ground truth in a terms of area. Ochmann et al. presented
a method that can detect openings with an accuracy about 85.2% [48]. As
an alternative, Quintana et al. decomposed a point cloud into voxels, which
are classified as occupied, occluded and opening voxels [49] and used Otsu’s
global histogram threshold technique and the Canny edge detector to iden-
tify openings from colour and depth images, respectively. An accuracy of
98.3% in terms of opening areas was achieved, but only for rectangular open-
ings. Similarly, Jung et al. converted the point cloud of wall segments into
a binary image to detect hollow areas potentially representing openings and
boundaries [43]. The shape and size of the hollow areas were used to remove
incorrect openings. The algorithm successfully generated all walls and de-
tected all openings but was sensitive to grid cell size. The study reported
root mean square errors between reference points and reconstructed wall ver-
tices of 8.9cm and 7.4cm but detailed geometric accuracy of openings was
not been reported.

By deploying a spatial representation, Staats [50] used a voxelisation
model to detect doors for indoor navigation from handheld indoor laser scan-
ning data. The doors were detected with a high fluctuation of voxels in both
vertical and horizontal directions. The authors determined that the method
can detect about 84.2% actual doors. Li et al. decomposed a point cloud of
a story into cells and the line fitting was used to create the wall edges from a
binary image of the wall [5I]. The maximum errors varied from 4.29 +0.53cm
to 45.74 & 5.52cm in terms of distance between vertices, or from -0.86 m?
to 4.51 m? in terms of area.In the worst case, the algorithm detected about
82% of the walls and doors in the model.

In other related work, Tran et al. proposed a shape grammar to gener-
ate 3D indoor building models through a simple primitive and interactive
grammar rules [52]. Although the method can reconstruct building elements
for various data sets through a visual evaluation, the method still requires
manual adjustment for the locations of histogram peaks and correction of
the classification labels. Shi et al. combined region-based segmentation for
wall with openings and predefined opening dimensions were used to elimi-
nate false positives [23]. Although that method can detect the number of

9
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openings, geometric accuracy was not been reported. Moreover, in an at-
tempt to explore the backpack scanning data for indoor modelling, Wang et
al. used an a-shape based method to extract the boundary points of each
facade, and a k-mean clustering method was used to extract potential lines
of doors and windows from internal lines of the wall [53]. Like many others,
this algorithm is applicable only for rectangular openings. Finally, to over-
come limited availability of laser scanning data for buildings, Neuhausen and
Koénig [54] detected windows from images through two main steps. First, a
machine learning method extracted the windows but the detection accuracy
was quite low, at about 69%. To improve the detection rate in the second
step, the authors applied an image-based edge detection technique to extract
the windows’ boundary lines. Next, a knowledge base using window patterns
in the fagade and detected windows in a previous step were used to detect
missing windows. This implementation improve the detected rate to 95.2%.
However, the accuracy of the window size may be limited, because the au-
thors defined the boundary lines of the window from the average of a set of
edges detected from regions surrounding the window.

In current practice, building energy usage estimation usually differs from
the actual energy performance [45]. This can occur for reasons that include
comparisons using as-designed building models (as opposed to as-built build-
ing models) or building models with a low level of detail (LoD), thus resulting
in significant geometric discrepancies between the input model and the actual
operational building. For example, when an LoD2 building model is used,
openings (i.e. doors and windows) are not explicitly modelled. When a LoD3
model with the major external features such as doors, windows, and a correct
roof shape is used, it must be transformed for use in BEPS software; see [55]
for a more detailed set of definitions for various LoDs. However, achieving
this at scale has not been realisable to date.

Although significant complementary information can be added to geomet-
ric models of buildings, the initial creation of a building geometry is most
commonly done through a manual process that is both time consuming and
expensive. Recent advances in laser scanning and photogrammetry based
techniques for building reconstruction offer more opportunities for develop-
ing as-built building models for the purposes of BEPS. Nonetheless, a robust,
efficient, automatic workflow for accurate 3D building model reconstruction
has remained a significant challenge; this is particularly true in the case of a
detailed BEPS model requiring the geometry of the building including a cross
section and coordinate information for floors, walls, ceilings, roofs, columns,

10
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and doors.

3. Method

The goal of the proposed method is to automatically process point cloud
data for building facades into a format usable by all BEPS tools with minimal
manual intervention; the method was validated by testing on one BEPS
engine (EnergyPlus). The process also includes validation of simulation input
and a mechanism to check geometric configurations through visualisation of
DXF files, which are generated by the target BEPS tool. The proposed
method has two key sub-processes (Figure |1]): (1) point cloud data capture
and processing to create 3D geometric building models from terrestrial laser

scanning data (Section and (2) BEPS creation (Section [4.1)).
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Figure 1: Process Diagram representing a semi-automated workflow that converts point cloud information into a format
compatible with BEPS tools
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3.1. Point cloud processing

Processing the point cloud consists of three main steps, as illustrated in
Figure : (1) extraction of a portion of a point cloud capturing the facade
of the building from the scanned data points; (2) creation of boundary lines
of the facade and its openings (i.e. doors and windows), which are based on
points on their boundaries, and (3) creation of a 3D geometric model of the
building facades. This work presumes that building features reside within
vertical walls and that doors and windows are primarily glass-plated or are
recessed. For the purpose of this work, architectural details were intentionally
ignored.

Step 1: Extract point Step 2: Create a model ~ Step 3: Create a 3D geometric
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Figure 2: Proposed method for facade reconstruction using laser scanning data

The workflow begins with the registration of multiple point clouds of the
building, acquired from different point of views due to footpath limitations
and obstacles. The registration process can be done through using artificial
targets or objects’ features (e.g. edges or corners of fagade planes). In prac-
tice, the registration was done by using the scanner’s proprietary software,
for example, Leica Cyclone for the Leica scanners or RealWorkSurvey for
Trimble scanners [56], which took less than 5 minutes to register 3 to 5 point
clouds. Next, the point cloud of the building with x-, y-, and z- coordinates
was exported as input data for the proposed method.

The resulting registration included a large amount of redundant points in-
cluding those of interior components, terrain, vehicles, and adjacent facades.
Since the 3D building model generally involves multiple surfaces and compli-
cated shapes, reconstructing building models from the full set of data points
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remains a large challenge. Step 1 uses a segmentation process to partition
the 3D scene data points into multiple surfaces to create an input for Step
2. Although many segmentation methods can extract the point cloud of
a building fagade (e.g. [57, 58] 59]) significant user input or judgement is
commonly needed to tune input parameters or filter spurious segments. In
this work, a voxel-based region growing method [59] is employed to extract
the data points on the same planar surface. This automatic approach relies
heavily upon an octree indexing structure to separate the points into two
groups: (1) building exterior and (2) other (e.g. internal building compo-
nents, vehicles, or noise), which can be eliminated. For more details of the
segmentation method, refer to Vo et al. [59]. Next, the point cloud of each
fagade or vertical plane is sequentially processed to identify boundary lines
of a building and its features.

Since each vertical exterior surface of the building consists of a set of
points, P = {p;, i = (1,. . ., n)} € R3, boundary lines for its entirety and its
features (doors and windows) are created from the data points P (Step 2). In
this work, each exterior wall is assumed to be a vertical, largely flat surface,
S. Next, the data points of the surface (P) are projected onto a plane parallel
to the xy plane of the global coordinate system (GCS) by mapping principal
directions of the fitting plane of the fagade onto the unit vectors of the GCS,
which are given in Equation [I The principal directions or eigenvectors of
each wall are determined by employing a principal component analysis (PCA)
[60].

T X
Yy = Rz(ﬁi&)Ry(ﬁz)Rx(ﬁl) Y (1>
z Z

Herein, the data points of each wall are described as x-, y-, and z-
coordinates in the GCS, where x and y axes are now, respectively, the hori-
zontal and vertical directions of the wall, while the z coordinates of all points
are the same (Figure [3a). The 3D model of each wall can be generated by
extruding its 2D model in the x-y plane along the z-axis, with a predefined
wall thickness.

In order to generate boundary lines of the fagade and its openings (e.g.
doors and windows), a 2D cell grid is employed to represent the decomposi-
tion of an entire facade into non-overlapping 2D regions, commonly referred
to as cells (step 2.1). An initial bounding box of all projected points P can
be defined by two pairs of coordinate values (Zmin, Ymin) a0d (Timaz, Ymaz)-
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a) ; b) c) d) e)

Figure 3: a) Input data b) Initial 2D cell grid ¢) Full cells containing candidate points d)
Boundary points e) Boundary lines of the wall

Subsequently, a cell grid divides a bounded, 2D region into a set of regular
cells by grids along the x- and y-axes in a Cartesian coordinate system. Each
cell is described by an index, a geometry, and a property. The index is de-
fined as c(i, j), where ¢ € [1; N,], j € [1; N,], and N, and N, are defined in
Equations and . The geometry is stored as a centre |Teen, Yeen| and a
cell size, while the property is either "full" or "empty" (described by 1 and 0,
respectively). A cell is full, if it contains at least one data point. Otherwise,
it is empty (Figure [3p).

In this method, the empty cells within the building wall are assumed to
describe the inside of doors and windows or holes due to missing data. An
opening is only detected, if one or more empty cells appear inside a candidate
area for an opening. Thus, the predefined cell size plays an important role
within the method proposed by this paper. If the cell size is too large, no
empty cell may be available within the area of the door or window. On
the other hand, if the cell size is too small, particularly if it is less than the
sampling step of the data point, a number of empty cells may appear over the
area of the building wall, which in turn lead to over-detection of openings.
Truong-Hong and Laefer [61] proved that a predefined cell size of 0.2m is
an appropriate value to generate at least one empty cell within doors and
windows corresponding to a minimum opening size of 0.4m, as established
from a survey of urban window sizes [62]. With a predefined cell size of 0.2m,
the number of cells along the horizontal and vertical directions are given in
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Equations [2] and [3]

Tmaz — Tmi
Nx — max min 1 2
cell size + )

Ymaz — Ymin
=—+1 3
v cell size * )

Next, the process extracts points on boundaries of the facade and its
openings. This is referred to as the boundary point extraction step. Although
several other methods are potentially available (e.g half-disk criterion [63],
triangulation mesh [64], multiple criteria [65]), in this work, an angle criterion
[66] is employed to extract the boundary points from a set of candidate points.
However, unlike previous work with an angle criterion (e.g. [66]), where all
data points must be checked as to whether they are boundary points or not,
the method herein only examines possible points (called candidate points),
which are the data points in the vicinity of the boundaries of the wall and
its openings. In the cell representation of the facade or wall (Figure [3p),
the full cells containing the candidate boundary points of the doors/windows
are connected to an empty cell group appearing as a hole inside the facade,
while those of the facade boundary connect to the empty cell group along
the outside of the fagade and/or attach to the minimum bounding box of the
data set. Extraction of the full cells possessing the candidate points is shown
in (Figure [3f).

A candidate boundary point is a boundary point, if the maximum angle
between two consecutive neighbour points exceeds an angle threshold by
90°; for full details on the selection of the angle threshold and the process
of extracting boundary points see Truong-Hong et al. [66]. Additionally,
the selection of neighbour points differs from that proposed by Truong-Hong
et al. [66], where a k-d tree was required for neighbour point searching.
In this work, the process starts with a full cell (c(i, j)) containing a given
point. Other full cells (c(k, 1)) connected to c(i, j) are then extracted. The
neighbour points of the given point are the rest of the data points within c(i,
j) and all of the points within c(k, 1).

Notably, due to occlusions, unrealistic holes may appear on the wall.
In order to eliminate those holes, the height (Hy) and width (L) of each
hole is computed from its boundary points and compared to dimensions of
common openings in the building. A hole is considered a real opening, if its
height and length satisfy the conditions expressed in Equation [ where the
minimum opening size is 0.4m [64, 38|, and its height-to-width ratio varies
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from 0.25 to 5.0 [62]. Figure [3d highlights the process of distinguishing real
from unrealistic openings and infilling the unrealistic openings.

Hy

Ho > 0.4; Ly > 0.4;0.25 < Hy/Lo < 5 : Openi
f(HOaL()v _) = { ° ’ 0/ ’ penng

Otherwise : Non — opening

i @

Next, a boundary line for a building component is created from the bound-
ary points (Figure [4p). In the method proposed herein, boundaries of the
building wall and associated openings are assumed to consist of a set of ver-
tical, horizontal, and/or inclined lines. A region growing method is then
adopted to separate the boundary points of the wall and its openings, in
which the data points of each group are distributed on the same pattern
(either vertical, horizontal, or inclined) (Figure[db). As part of this, the tan-
gent vector of each boundary point is computed from its k-nearest neighbour
(kNN) points using PCA, for which a neighbourhood of 10 kNN points is rec-
ommended. The initial seeding point is selected from the boundary points;
this point is chosen based on the smallest deviation angle between its tangent
vector and a unit vector (n, = [0,1,0]). If the angles between the seeding
point and boundary points in the kNN point(s) are smaller than an angle
threshold (recommended as 5° based on empirical trials), the kNN points are
added iteratively into the seeding point group. This process is applied, until
all boundary points are checked.

H
i
$
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a) Boundary points of  b) Boundary points of ¢) Boundary line d) Final boundary
a window groups generation line

Figure 4: Illustration of boundary line generation for a building feature

Subsequently, each resulting group is classified as vertical, horizontal,
and /or inclined for the purpose of creating the boundary lines of the build-
ing features. A tangent vector of the group is computed from the group’s
boundary points. The classification of the group’s pattern is determined
based on the deviation angle between the tangent vector of the group and
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the unit vector. If the deviation is less than the angle threshold, for exam-
ple 5°, the unit vector is (n, = [0,1,0]) for vertical and is (n, = [1,0,0]) for
horizontal. Otherwise, the group’s pattern is classified as inclined. Notably,
the group is only considered for further processing, if the length of its pat-
tern is greater than or equal to half of the minimum opening size (0.4m)
[61]. Then, boundary lines are generated from the boundary points of each
group (L = {p; = (x;, yi, z;)|1 < i < k) and the group’s pattern classification.
Vertical and horizontal patterns are expressed in Equations [5| and [6] respec-
tively, while a least mean squares fitting [67] is applied to the inclined pattern
(Figure [dc). Next, the boundary lines of each feature are adjusted to ensure
continuity by extending or trimming the boundary lines at their intersection
points (Figure [dd). The final boundary lines of the wall and its openings are
shown back in Figure [Bp. Geometric information for those boundary lines is
in the plane parallel to the xy plane within the GCS, which is not the original
orientation of the surface. Equation 1 is used to re-map the boundary lines
into the original plane of the vertical surface or the fagade.
For vertical patterns:

k
D1 Ti

o = =5 Ymin = Min(Y;); Ymaz = maz(y;) (5)
For horizontal patterns:
k
Yo = M; Tpnin = MIN(Z;); Tynae = max(z;) (6)

k

In reality, a building often contains multiple vertical surfaces or fagades.
After extracting the point cloud of each vertical wall (Step 1), the bound-
ary lines of the wall and its openings are separately reconstructed using the
procedure in Step 2. For example, with a point cloud of the building in Fig-
ure [5h, the segmentation process automatically extracted the point clouds of
2 vertical walls. The proposed method was applied to reconstruct boundary
lines for each vertical wall shown in Figure [f. However, there is a gap be-
tween two adjacent vertical walls because of (1) missing edge points during
data acquisition [68], (2) the fact that segmentation methods do not allow
edge points to belong to multiple segments (or walls), and (3) a procedure in
which boundary line reconstruction takes the data points along boundaries
of building components, which leads and shrinks them to the bounding box
of the vertical wall (Figure [f¢). Therefore, to reconstruct a 3D water-tight
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building model for BEPS, a new boundary line between two adjacent vertical
surfaces must be created, instead of having two boundary lines (one for each
vertical surface) (Figure [5b and c¢). The process starts by determining the
parametric equation of the surface in the form of the centre and normal of
the surface. From a set of vertices P; (i = 1, . . . N, where N is the number
of vertices) of the boundary lines, the surface centre is a centroid of P;, while
the surface normal is the eigenvector corresponding the smallest eigenvalue
computed from a covariance matrix of P;. Next, a pair of adjacent vertical
walls (or fagades), S; and S;, of the building can be determined based on the
Euclidean distance d(P;, P’;) horizontally, which is calculated from x and y
coordinates of P; and P’;, where P; and P’; are respectively the boundary
vertices of S; and S; (Figure [fc and d) [67]. In this implementation, if any
d(P;, P’;) is less than 1.4 times of the cell size, a pair of surfaces are judged
to be adjoining vertical walls [69]. An intersection line is computed using
the surface equations, in this example Si(q;, ny) and Sa(qa, ng), where (q,
n;) and (qg, ny) are the centres and normal vectors. The result is shown in
Figure fd. Subsequently, the vertical boundary lines of S; and Sy closest to
the intersection line are replaced by the intersection line. Finally, the set
of boundary lines of each surface is extended or trimmed to ensure a set of
closed boundary lines for each vertical surface. Through this procedure the
final reconstructed building model can be achieved as shown in Figure [Be.
In addition, vertical gaps ranging from millimeters to centimeters may be
present at the top of the adjacent faccades, which arise due to errors of data
segmentation or boundary line reconstruction (Figure [5g). In order to over-
come this issue, a possible solution is to retrieve boundary points used to
generate boundary lines at the top of the facgades. A new surface (Satop) can
be generated through these boundary points, and the new boundary lines on
the top of the facgade is an intersection line between the facgade surface and
Satop- 1his step will be fully implemented in future work.

At this stage, the 3D exterior building model comprises multiple polylines
to represent boundaries of the building and its openings (doors and windows).
The vertices for each surface are determined using two iterations: (1) the first
stores vertices of the exterior polylines that represent the boundary of each
surface and (2) the second iteration stores vertices of the interior polylines
describing the boundary of the windows or doors belonging to the surface. If
the surface has no opening, the second iteration fails to return any vertices.
Both iterations have an ID that can be easily used to retrieve the geometric
information of the surface for further processing.
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Figure 5: Process to overcome gaps between vertical surfaces of a building’s exterior wall
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530 Additional information including spatial and semantic information about
se0  the building and environment variables is required in order to simulate build-
sa1 ing energy use based on the exterior geometry of the building.

542 The next step (Section [4)) transforms the processed point cloud and man-
se3 ually inserted data into the syntax required by the target BEPS engine, in
saa  this case, EnergyPlus.

sas 4. BEPS Creation and Model Validation

546 This section describes the process of creating and validating a BEPS
sa7 model. In line with the process illustrated in Figure [I a number of se-
sas  quential steps including defining a number of concise manual inputs that
se0 enable automatic conversion of the processed building geometry into a for-
ss0 mat suitable for a valid simulation run (Section ; generating neutral and
ss1 tool-specific BEPS files (Section [£.2); validating at the schema level (Section
552 and validating in the BEPS tools and post-processing (Section .

553 Most of the commonly available BEPS engines are based on one-dimensional
ssa  heat transfer. In the context of building fagades, the information required by
sss  these comparable BEPS tools is identical or almost identical. Notable consid-
sso erations are as follows: (1) the order of points when defining surfaces and (2)
ss7 the definition of zone-surface, surface-subsurface and surface to cross-section
sss  relationships [70]. The key parameters are:

550 e Surface name

560 e Parent surface name (relevant for doors and windows);

561 e Location of vertices using a standard coordinate system and;

562 e References to the cross-section type and the surface thermal properties.
563 Other information such as surface normals, view factors, and surface areas

se« can be calculated from the information provided. An important difference
ses between BEPS tools is the syntax through which the information is rep-
see resented. Therefore, the conversion process would be almost identical for
sez similar BEPS tools but with some minor syntax related variations. HVAC
ses  system and component representations are beyond the scope of this paper,
se0 if HVAC information was in a neutral file then very different conversion pro-
570 cesses would be required for each BEPS tool. Furthermore the transformation
s process that uses the neutral file format must be consistent with the process
sz presented by [16], [71].
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4.1. Manual Parameter Input

Following the generation of a 3D geometric model for a given building,
additional geometric and semantic information must be added to create input
data for the BEPS tool. Geometric parameters include floor elevation and
thickness of each floor slab and wall. While, these parameters could be
automatically obtained by integrating laser scanning data from the exterior
and interior of the building, such steps are out of the scope of this paper.

Semantic information includes the primary function of each floor (e.g.
retail or office), the age of the building or year of the most recent major
retrofit, and the materials of the windows, doors, walls, floors, and roof.
Similarly, environmental information including usage profiles and equipment
power densities must also be manually entered or can be selected from a
template such as in Lagiiela et al. [72]. The combination of this additional
information with the processed point cloud is then used to create the wall,
window, door, roof, and floor entities, as well as to determine the location of
the windows and doors.

U-values are referenced by building element instances (wall, window or
door) where each building element references a cross-section definition; for
example Figure [6] contains a reference to a cross-section called “SinglePane-
GlassWindow”). Each cross-section comprises a number of material layers
that are stored in a defined order. The material properties for each material
layer are available from public and proprietary sources or could be extracted
from other scanning approaches such as that presented in Wang et al. [73].
U-values are calculated at run-time from the material layer properties of each
cross-section.

Thermal zones or volumes of the buildings that are at the same environ-
mental conditions are the fundamental building blocks of traditional BEPS
simulations and must also be defined. The process starts with Z = {z;, i =
(0, . . N}, the series of floor elevations, where zy and zy are respectively
the elevation of the ground and roof level. This implies that the number of
zones (or storeys) within the building is N, and the lower and upper bounds
of the zone i are z; and 2] = z; + 1 - s;, where s; is the thickness of the floor
slab i-th. Next, exterior surfaces of each zone are the exterior surfaces of
the building vertical walls bounded by the lower and upper bounds of the
zone, while the interior surfaces can be created by offsetting the exterior sur-
face with the wall thickness. Thus, the geometric information for the zone
involves interior surfaces and additional floor and ceiling or roof surfaces, re-
spectively and openings (doors and windows) associated with the zone. The
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openings belonging to the Zone can be determined by comparing the vertices
of the openings generated in a previous step to the lower and upper bounds
of the zone. The opening is classified as a door, if any of its vertices connect
to the ground level [39], otherwise, it is a window. Finally, for each zone,
geometric and semantic information associated with environmental parame-
ters are stored in the neutral file according the specification syntax required.
At this point the BEPS data are in a neutral representation, the syntax of
which must be adjusted to account for a specific BEPS tool (Section .

4.2. Neutral and Tool Specific BEPS File Generation

The file is created based on the outputs of the automated point cloud
mapping and the manually added data. Figure [0] illustrates the representa-
tion of an example window in the standard ORACLE format for polygons,
the neutral file format and the EnergyPlus file format. A one-to-one mapping
of points and other properties is the key step in the conversion to the neutral
file format. Please note that while the neutral file format closely aligns with
the EnergyPlus file format, it is not identical.

Point Cloud Data Format Neutral File Format  Comment EnergyPlus IDF Format
INSERT INTO Surface_With_Window VALUES( FenestrationSurface, I- Object Type FenstrationSurface:Detailed
10, Window 1, I- Object Type Window 1,
‘polygon_with_hole', Window, I- Opening Type Window,
SDO_GEOMETRY( SinglePaneGlassWindow, I- Cross-section Name SinglePaneGlassWindow,
2003, - two-dimensional polygon Wall 1, I- Parent Object Name Wall 1,
NULL, Outside, I- Ouside Boundary Condition :Outside,
NULL, AutoCalculate, I- View Factor AutoCalculate,
SDO_ELEM_INFO_ARRAY(1,1003,1, 19,2003,1), -- polygon with hole . I- Shading Control Name
SDO_ORDINATE_ARRAY (2,0, 14,0, 14,5, 2,5, 2,0, 1, I- Frame and Divider Name 1,
42,72,75,45,42) 1, I- Multiplier 1,
) 4, I- Number of Vertices 4,
): 4.0,0.0,2.0, I- Vertex 1 Coordinates 4.0,0.0,2.0,
Legend 7.0,0.0,2.0, I- Vertex 2 Coordinates 7.0,0.0,2.0,
Data from Point Cloud Process 7.0,0.0,5.0, I- Vertex 3 Coordinates 7.0,0.0,5.0,
Manually Added Data 4.0,0.0,5.0, I- Vertex 4 Coordinates 4.0,0.0,5.0,

Figure 6: A window example for the three stages of data in the overall semi-automated
process: point cloud format, the neutral file format and the EnergyPlus IDF format

The neutral file is of .txt format and does not adhere to the input format
of any given BEPS tool. This approach follows the conventions adopted by
seminal work in this area [16, [71].

The neutral file can be converted to a specific BEPS tool input format
using a script or conversion tool. The design of this format allows for a one-to-
one mapping of property instances between the neutral file (example provided
in Figure @ and the BEPS input file. The neutral file stores geometric
information only and is not executable in any BEPS engine, the mandatory
properties include:
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Surface name;

Surface Type (wall, floor, ceiling or roof)

Parent surface name (relevant for doors and windows);

Outside boundary condition for the surface (set to outside for all fagade
surfaces) and;

location of each vertex using a standard coordinate system:;

This information is complemented by the manually inserted parameter
values that include:

e (Cross section name

e Zone name for parent surfaces

Outside boundary condition

Outside boundary condition object
e Sun exposure (optional)

e Wind exposure (optional)

4.8. Schema Level Validation

Model validation is then performed at two levels. The first is a routine
validation against the target data model schema, while the second is within
the modelling tool for verification of model suitability for compilation. These
steps are discussed in detail below.

Validation of the BEPS inputs is specific to the targeted BEPS tool, for
example EnergyPlus. The first rudimentary check is a comparison of the
generated input file against the EnergyPlus schema file, called the Input
Data Dictionary (IDD). This check is performed in a basic input tool called
the IDF Editor, an interface for the EnergyPlus Input Data Format (IDF).

The schema level validation is a check that the input file is valid for a
specific BEPS run, for example the contents of an XML file should adhere to
the rules defined in a corresponding BEPS XSD schema. There are numer-
ous XML or JSON tools available for this type of check, and such a check
should be performed easily outside of a given simulation engine. Many of the
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established BEPS tools, such as EnergyPlus and DOE-2, are based on legacy
system architectures that predate modern day best practice approaches for
data management and do not have a formal schema. As a result, EnergyPlus
does not provide this type of schema level validation prior to execution of a
model. However, Simergy, an interface to EnergyPlus does. EnergyPlus is in
the process of moving to a JSON schema and input files (|[74]). Each BEPS
tool should have its own rigorously defined schema.

4.4. Validation in BEPS Tool and post-processing

EnergyPlus is one of the most popular BEPS tools that engineers, archi-
tects, and researchers use to model energy and water usage in buildings and
includes the most popular features and capabilities of the software packages
BLAST and DOE-2.1E. As a result of the legacy code-base, key compilation
and validation checks are performed during run-time, rather than beforehand.
Various errors may then be generated, for example:

e Order of vertices when defining a surface;

Surface normals pointing outward from the zone, as opposed to inward;

e Zones not enclosed;

View factors;

Incomplete data defined for a simulation run.

After the files are successfully uploaded to EnergyPlus, the requested
output is a DXF file that is generated by the energy simulation tool for a
final visualisation check. This technique has been applied in other relevant
works in this area |16 15]. The DXF file also describes floor and ceiling
positions within the building.

5. Test case evaluation

5.1. Ezxperimental tests

The objectives of the experiment were to evaluate the accuracy of the
models generated by the proposed method and to determine to what extent
such discrepancies impact downstream energy performance predictions. This
was achieved through a comparison of (1) geometric measurements and (2)
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the annual energy consumption of BEPS models based on terrestrial laser
scanning (TLS) data and independently measured CAD drawings. The pro-
posed semi-automated process described in Sections [3| and [4] was applied to
two buildings in Dublin, Ireland: No. 25 Westmoreland St. and No. 6
D’Olier St. These two buildings represent geometrically complex cases with
different opening sizes and shapes. Both buildings have corresponding CAD
drawings, which were used as the benchmark models when validating the
building facade models. Building suitability was based on the time-period of
construction. Each building has a different configuration of floors, windows,
and doors (Figure [Th and Figure [8p). Actual geometric information for each
building was based on a traditional survey and derived from drawings sub-
mitted to the Planning and Property Development Civic Offices of Dublin
City Council (Table [2] and [3). Specific dimensions included length, height,
and depth of the building, the dimensions of the building’s openings, thick-
ness of floor slabs and walls, and the floor elevation. The fagade for No. 25
Westmoreland St. contains 5 floors, with 4 small doors (Door type I) and
1 large door (Door type II) on the bottom floor, 6 windows (Window type
I) on the first floor, 5 small windows (Window type II) and 1 large window
(Window type III) on the second floor, and 6 windows (Window type IV and
V) on the fourth and fifth floors. Similarly, No. 6 D’Olier St. contains 5
floors, with a door (Door type I) and 3 large windows (Window type I and
IT) on the bottom floor, and 3 windows (Window type III, IV and V) on each
subsequent floor.

Table 1: Size of the data sets for the two buildings

Building Sampling data set

S20 S50 S75
No. 25 Westmoreland st. | 353,848 71,155 35,468
No. 6 D’Olier st. 177,480 39,259 20,089

Point cloud data for these buildings were collected by a Trimble GS200
terrestrial laser scanner. Fach building facade was scanned from different
views to avoid omissions due to occlusions, and the data points were regis-
tered within RealWorkSurvey (RWS) V6.3. The source data set were mapped
to the target based on pre-selected reference points, which are sharp features
(e.g. a corner of the surface or window) although several methods could be
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used, for example surface matching algorithms [75]. The point cloud for the
building of interest had to be manually separated from adjacent buildings
within RWS V6.3, a current limitation of automatic extraction [76]. Next,
the voxel-based region growing approach was employed to segment the data
points of the building of interest using the approach and input parameters
proposed by Vo et al. [59]. The results of segmentation allowed for elimi-
nation of irrelevant data points (e.g. internal objects such as furniture and
ceilings). Thus, remaining data points describe vertical surfaces of the build-
ing and serve as input data for the proposed method, as defined in Section
[3.1} For each building, three different sampling steps involving 20mm, 50mm
and 7bmm, were used to evaluate the influence of the sampling step on the
geometric models. The TLS data of these buildings are shown in Table [I]
Additionally, the selected terraced buildings are in an urban area, where it
is extremely difficult to acquire data pertaining to side and back walls [39)].
Therefore, in the process of 3D building generation based on TLS data, two
assumptions were proposed: (1) the back wall is parallel to the street facade
but has no openings and can be generated by offsetting the the faccade (not
including openings) by the building depth, and (2) the side walls can be au-
tomatically generated by sweeping the side edges of the fagade to the back
wall [39]. Results of the building fagade models from the proposed method
are illustrated in Figure [7p, Figure [8b, and Table 2] and [3] Notably, since
dimensions of each reconstructed opening in each storey of the facade differ,
average dimensions of the reconstructed openings are shown in Tables [2| and
Bl

The BEPS model for each building was automatically created by com-
bining geometric building data generated from the proposed method in this
paper with semantic information and environmental parameters. The geom-
etry of the building was generated in a previous step, while the semantic
information, such as the year of construction or the last major renovation
for a given building was manually collected. The cross section types were
assumed to be single course walls with interior plaster and single pane win-
dows with wooden frames. Material layer properties of each cross-section
were entered accordingly. The rudimentary modelling approach isolated the
fagade under investigation by representing these walls, windows and doors
in details but all other surfaces as adiabatic, thus, focusing on the energy
related impacts of the single facade alone. All zones used a constant temper-
ature set point of 21°C for heating without a provision for cooling. Finally,
Dublin, Ireland was set as the location, and both models used a simulation
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762 period of one year, for which publicly available climate data were used in the
763 weather file.
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Figure 7: (a) Westmoreland Street Fagades and (b) Resulting building reconstruction
from the proposed method
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Figure 8: (a)D’Olier street fagade and (b) Resulting building reconstruction from the
proposed method, with evidence of occlusion
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Table 2: Geometric information for No. 25 Westmoreland St.() denotes a manual BEPS
entry for building models reconstructed from TLS data

CAD | S20 | S50 | S75

Length (m) 19.36 19.31 19.27 19.24
Height (m) 17.00 16.90 16.88 16.87

2 | Opening area (m?) 96.17 96.71 98.02 99.18

% Depth (m) 11.0*3*

~ | Wall thickness (m) 0.60
Slab thickness (m) 0.296"
Number of storeys )
Height: Flr.-Flr. (m) 4.25 4.25 4.25 4.25

_ | Door I (WxH) (m) 2.00x3.60 | 2.00x3.56 | 2.02x3.56 | 2.03x3.56

“ | Door II (WxH) (m) 4.90x3.60 | 4.92x3.56 | 4.93x3.56 | 4.95x3.56
Tot. opening area (m?) | 46.44 45.97 46.27 46.51
Tot. floor area (m?) 213.56 | 213.00 | 21253 | 212.24
Tot. zone volume (m?) | 844.42 842.21 840.35 839.20
Height: Flr.-Flr. (m) | 3.61 3.61 3.61 3.61

& | Window I (WxH) (m) 1.25x2.06 | 1.25x2.04 | 1.27x2.05 | 1.28x2.06
Tot. opening area (m?) | 15.42 15.28 15.61 15.78
Tot. floor area (m?) 213.56 213.00 212.53 212.24
Tot. zone volume (m?®) | 710.94 709.08 707.52 706.55
Height: Flr.-Flr. (m) 3.10 3.10 3.10 3.10

o~ | Window IT (WxH) (m) | 1.25x1.65 | 1.25x1.66 | 1.26x1.67 | 1.27x1.69

% | Window IIT (WxH) (m) | 4.20x1.65 | 4.17x1.72 | 4.18x1.74 | 4.21x1.75
Tot. opening area (m?) | 15.17 15.45 15.71 15.95
Tot. floor area (m?) 213.56 213.00 212.53 212.24
Tot. zone volume (m?®) | 594.55 593.00 591.69 590.88
Height: Flr.-Flr. (m) 3.03 3.03 3.03 3.03

3 | Window IV (WxH) (m) | 1.25x1.65 | 1.26x1.63 | 1.27x1.65 | 1.28x1.67
Tot. opening area (m?) | 12.36 12.32 12.56 12.83
Tot. floor area (m?) 213.56 213.00 212.53 212.24
Tot. zone volume (m?) | 583.87 582.35 581.06 580.27
Height: Flr.-Flr. (m) 3.02 2.92 2.90 2.89

2 | Window V (WxH) (m) | 1.25x0.90 | 1.26x1.03 | 1.27x1.03 | 1.24x1.10
Tot. opening area (m?) | 6.78 7.69 7.87 8.11
Tot. floor area (m?) 213.56 213.00 212.53 212.24
Tot. zone volume (m?) | 580.67 558.40 552.81 549.45
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Table 3: Geometric information for No. 6 D’Olier St.(") denotes a manual BEPS entry for
building models reconstructed from TLS data

CAD | S20 | S50 | S75

Length (m) 10.50 10.53 10.52 10.14
Height (m) 17.46 17.43 17.42 17.42

2 | Opening area (m?) 52.76 53.53 53.84 54.02

S | Depth (m) 10.85*(*)

= | Wall thickness (m) 0.60(")
Slab thickness (m) 0.296(")
Number of storeys ) 5 5t )
Height: Flr.-Flr. (m) 5.29 5.29 5.29 5.29
Door (WxH) (m) 1.30x2.65 | 1.39x2.62 | 1.40x2.62 | 1.42x2.62

7 | Window I (WxH) (m) | 2.58x3.50 | 2.61x3.54 | 2.61x3.55 | 2.62x3.56
Window II (WxH) (m) | 2.26x3.50 | 2.31x3.49 | 2.33x3.51 | 2.33x3.50
Tot. opening area (m2) 25.97 26.51 26.67 26.79
Tot. floor area (m?) 113.92 114.27 212.53 212.24
Tot. zone volume (m?) | 568.94 570.67 569.97 569.68
Height: Flr.-Flr. (m) 3.50 3.50 3.50 3.50

& | Window IIT (WxH) (m) | 1.20x2.34 | 1.25x2.29 | 1.25x2.30 | 1.24x2.31
Tot. opening area (m?) | 8.43 8.55 8.59 8.61
Tot. floor area (m?) 113.92 114.27 114.13 114.07
Tot. zone volume (m?®) | 365.02 366.13 365.67 365.49
Height: Flr.-FIr. (m) | 3.50 3.50 3.50 3.50

2 | Window IV (WxH) (m) | 1.20x2.15 | 1.22x2.15 | 1.23x2.15 | 1.23x2.15
Tot. opening area (m?) | 7.74 7.89 7.92 7.92
Tot. floor area (m?) 113.92 114.27 365.67 114.07
Tot. zone volume (m?®) | 365.02 366.13 552.81 365.49
Height: Flr.-Flr. (m) 3.00 3.00 3.00 3.00

3 | Window V (WxH) (m) | 1.20x1.85 | 1.22x1.83 | 1.23x1.84 | 1.23x1.84
Tot. opening area (m2) 6.66 6.70 6.75 6.78
Tot. floor area (m?) 113.92 114.27 308.61 114.07
Tot. zone volume (m?) | 308.05 308.99 552.81 308.46
Height: Flr.-Flr. (m) 2.17 2.14 2.13 2.13

2 | Window VI (WxH) (m) | 1.20x1.10 | 1.14x1.14 | 1.14x1.15 | 1.14x1.15
Tot. opening area (m?) | 3.96 3.88 3.91 3.92
Tot. floor area (m?) 113.92 114.27 114.13 114.07
Tot. zone volume (m?) | 568.94 210.26 209.76 209.07
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5.2. Results

The proposed method successfully generated 3D building models com-
patible with BEPS tools with only minimal manual intervention required.
The models of the two buildings derived from the S50 data set are shown
in Figure [0, while a summary of building geometries is presented in Table
and [3] Reconstructed building facade models with height and width values
generally differed by under 1%, in terms of a relative error when compared to
equivalent values from the reference data, a maximum absolute difference of
130 mm was found in the height of No. 25 Westmoreland St. Moreover, the
proposed method also produced a building facade with an approximately 3%
larger opening area than those in the reference data. The largest difference
in terms of an opening area is 3.01 m? in No. 25 Westmoreland St. from
the S75 data set. Similarly, dimensions of the reconstructed openings were
overestimated by an maximum absolute average 57.2 mm [standard devia-
tion (std) = 57.6 mm]| for the height of No. 25 Westmoreland St.’s openings,
and 46.9 mm (std = 28.9 mm) for the width of No. 6 D’Olier St.’s open-
ings. Considering the discrepancy of openings’ dimensions for each zone, the
largest of which was found in zone 5 (top of the building). This is the max-
imum absolute difference of the window’s height, and is 191mm for No. 25
Westmoreland St based on the S75 dataset. This in turn translates to an
absolute difference of 1.33m? in terms of area. However, for other zones, in
both buildings, differences in the opening area were mostly less than 0.5m?.
Finally, when considering the difference of the building models derived from
CAD drawings and TLS data in term of a volume, the reconstructed building
models differ around 1.4% (No. 25 Westmoreland st - CAD vs. S75) and
3.6% (No. 6 D’Olier st. - CAD vs. S75). Note that this comparison is based
on height, length and depth of the building assumed as a block.

RelativeDifferenceEnergy = —0.0354 + 1.8386 * Dif ferencewanareat
1.0172 x Dif ferenceopeningArea

(7)

Results of annual energy consumption of the buildings based on CAD
and reconstructed models from TLS data are shown in Table @l For No. 25
Westmoreland St., annual energy consumption from the CAD-based build-
ing was 89,142 kWh, which was greater than those from all generated model
results within 1% for this surface of this value. A similar observation was
found in No. 6 D’Olier St. The measured energy consumption based the

32



799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

17455

BR
-
W

i

5§
B
S

g
@
w

-
© 8
Y

'

=
=

’

Figure 9: Illustration of building models for BEPS input (a) 25 Westmoreland st. and (b)
6 D’Olier st.

CAD model was 51,649 kWh, which is less than 1% smaller than those of all
three generated models. This error is acceptable given that these are sim-
plistic, indicative models, and in such cases, a model is considered calibrated
if measured energy consumption values are within 10% of BEPS predictions
on a monthly basis. The proposed semi-automated process could contribute
inputs to a detailed model that could also include detailed HVAC and oc-
cupancy descriptions. In such cases, far more stringent calibration criteria
would apply, which are beyond the scope of this paper.

Multi-variate linear regression was employed to explore the influence of
geometric discrepancy on annual energy consumption. The goal of this work
was to identify the relationship between the absolute difference in the building
geometries (i.e. wall and opening area) and the relative difference of annual
energy consumption (Table [5)), where values from the CAD-based models
were considered as the reference values. The analysis represented this re-
lationship as in Equation EI with R? = 0.93, as shown in Figure This
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Table 4: Annual building heating consumption (kWh)

Input data ‘ CAD ‘ S20 ‘ S50 ‘ S75
No. 25 Westmoreland st.

Zone 1 | 20,966 | 20,886 | 20,861 | 20,847
0| Zone 2 | 19,005 | 18,941 | 18,944 | 18,941
= [Zone 3| 16,800 | 16,786 | 16,783 | 16,791
= | Zone 4 | 16,427 | 16,386 | 16,380 | 16,391

Zone 5 | 15,944 | 15,505 | 15,389 | 15,333

Total | 89,142 | 88,504 | 88,357 | 88,303

No. 6 D’Olier st.

Zone 1 | 16,086 | 16,219 | 16,225 | 16,230
0| Zone 2 | 10,111 | 10,155 | 10,150 | 10,147
< [Zone 3| 10,261 | 10,308 | 10,297 | 10,294
= | Zone 4 8,900 8,930 8,927 8,927

Zone 5 6,291 6,211 6,200 6,183

Total | 51,649 | 51,823 | 51,799 | 51,781

bbhbiocoamvws

Relative difference of
energy consumption (%)

Lo
o @~ o0
&~

g
&
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s1ie implies that the differences in wall and opening areas significantly influenced
g1z the change of the annual energy consumption.

Figure 10: Relationship between building geometry and energy consumptions
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Table 5: Absolute difference of geometry and relative difference of energy consumption
No. 25 Westmoreland st. No. 6 D’Olier st.

CAD CAD CAD CAD CAD CAD
vs. 520 | vs. S50 | vs. S75 | vs. S20 | vs. S50 | vs. S75
Zone 1 | -0.20 -0.37 -0.47 0.16 0.09 0.07
Zone 2 | -0.17 -0.31 -0.40 0.10 0.06 0.05
Zone 3 | -0.14 -0.26 -0.33 0.10 0.06 0.05
Zone 4 | -0.14 -0.25 -0.33 0.09 0.05 0.04
Zone 5 | -2.02 -2.53 -2.83 -0.24 -0.29 -0.35
Zone 1 | -0.47 -0.17 0.07 0.54 0.70 0.82

Wall area
(m?)

ﬁéo‘%\ Zone 2 | -0.14 0.19 0.36 0.12 0.16 0.18
‘GE) = Zone 3 | 0.28 0.54 0.78 0.15 0.18 0.18
OD~ % Zone 4 | -0.04 0.20 0.47 0.04 0.09 0.12

Zone 5 | 0.91 1.09 1.33 -0.08 -0.05 -0.04
Zone 1 | -0.38 -0.50 -0.57 0.83 0.86 0.90
Zone 2 | -0.34 -0.32 -0.34 0.44 0.38 0.36
Zone 3 | -0.08 -0.10 -0.05 0.46 0.35 0.32
Zone 4 | -0.25 -0.29 -0.22 0.34 0.31 0.31
Zone 5 | -2.75 -3.48 -3.83 -1.28 -1.46 -1.72

Heating
(%)

5.8. Discussion

This paper introduces a semi-automated, seamless, scalable, and robust
method for reconstructing fagades of 3D building models without require-
ments for any third party software or a priori information. The proposed
method is suitable for generating building models with features comprising
linear boundaries; it cannot yet account for building components with non-
linear (i.e. curve or circle) boundaries. Such functionality would require the
introduction of additional algorithms or unsupervised learning techniques to
classify component boundaries as linear and non-linear, with an accompany-
ing fitting procedure to determine the boundary line of best fit based on the
root mean square error of the fitting.

The proposed method was successful in the construction of 3D building
models for two building facades from different sampling steps. Relative errors
of the facades’ and openings’ dimensions are less than 1% and 3%, respec-
tively, while the maximum average relative errors of opening areas are 6.4%
for a data set of S75 from 25 Westmoreland St. and and 2.6% for 6 D’Olier
St. This implies that the quality of the building models derived from the pro-
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posed method is better than a previous work done by Diaz-Vilarino et. al.
[40], which generated the openings with an average relative error of 11.7%.
Moreover, although the sampling step is up to 75 mm (Table , the RMSEs
of the fagade dimensions and its openings are respectively 125.1 mm and 61.5
mm for 25 Westmoreland st., and 27.3 mm and 46.1 mm for 6 D’Olier St.
(Figure & b). Those errors are generally less than the sampling step,
which is consistent with the conclusions of Tang et al. [68]. In such cases,
edge losses due to spatial discontinuities of a point cloud arise when the laser
beam hits the edge of solid object and this can be up to several centimetres.
Moreover, it also noted that the proposed method gave errors of the same or-
der when compared to previous research: an average error for window size of
5.39cm (std = 5.70cm) [44], an RMSE of the walls’ vertices about 4.8cm [46]
and 7.4cm [43], a maximum distance error for the walls’ vertices in a range
from 4.29 + 0.53cm to 45.74 + 5.52¢m. Moreover, when considering an error
in terms of an area, results from the proposed method are also comparable
with a work of Tamke et al. [47] with an error about 9.8% or Quintana et
al. [49] with an error of 1.7% regarding to detected openings.

RMS of facade dimensions (mm)

55 l@es P e e S By s t T : 1 H )
425 450 475 500 525 550 575 & 425 450 475 500 525 550 575 425 450 475 500 525 550 575
Number of sample points (Log10) Number of sample points (Log 10) Number of sample points (Log10)

- B -BIl:FV —#&— B1: Proposed method = © =B2: FV —6— B2: Proposed method

Figure 11: Comparing performance of the proposed method vs. the facade method de-
veloped by [61]: a) RMSE of fagade’s dimensions, b) RMSE of openings’ dimensions, c)
Running time

In addition, performance of the proposed method in terms of quality
of the building models and execution time was compared to that of the
fagade voxel (FV) method developed by Truong-Hong and Laefer [61], an
automatic method for 3D building reconstruction. Both algorithms were
implemented in Matlab 2016a environment and run on a HP EliteBook 2570p
with Intel (R) Core i7-3520M, CPU @2.9GHz, 16Gb RAM, OS Window 10.
The geometric building models from the algorithms were compared to the
CAD models to identify geometric discrepancies. Results showed that the the
proposed method can generate the building models with the same accuracy
level to the building models from F'V method. However, the proposed method
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reconstructed successfully 25 Westmoreland St. - with 28 openings - with an
input data size about 353k points in 35 seconds. This makes this method
faster than the F'V method by about 5.5 times for 25 Westmoreland St., and
14.8 times for 6 D’Olier St. (Figure [I1k).

The method introduced in this paper is limited to reconstructing build-
ing fagades and their openings, particularly the windows/doors covered by
low reflectance materials and/or located with a slight recession from exterior
surface of the wall. In the case of solid, wholly openings with no recessed por-
tions, additional attributes of the point cloud, known as the laser backscatter
intensity or red-green-blue colour of the point cloud could be used to estab-
lish the threshold that distinguishes between the points of the wall and those
of the window/door areas.

Generated BEPS models from the proposed work flow contain accurate
representations of such facades but do not yet include detailed interior rep-
resentations of the building. A higher LoD for the building, e.g. LoD 4
offers significant potential for comprehensive representation of the building
geometry which can be transformed into BEPS models. This still presents a
significant challenge in terms of data acquisition and processing. A complete
representation of the building could be achieved by integrating data from
other sources, for example: aerial laser scanning or unmanned vehicle aerial
based laser scanning/images, which can provide point clouds for building
roofs and other parts that remain inaccessible to TLS from the ground.

Although the TLS has often been used to capture internal building ele-
ments [19], the method requires significant labour on site because the com-
plexity of the building and obstructions from furniture necessitates a large
number of scan stations. In addition, it requires huge effort to register data
points from the large number of the scan stations and to clean irrelevant
data points. To reduce such overheads, a possible solution is to use a robot
with a scanner or a backpack scanner [23]. The advantage of these units is
to reduce time for setting up scan stations, which takes a large portion of
operating time for today’s modern scanners, for target acquisition, and office
labour for data registration.

In terms of data processing, the data set may contain up to a billion
points and be gigabytes in size. Such data will require new, efficient indexing
and management. Additionally, new, efficient and robust methods should
be developed to extract and reconstruct internal walls, floors, ceilings and
other building components. Existing methods are limited to extracting and
reconstructing planar objects or separate rooms. For example, Okorn et al.
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[77] succeeded in extracting flat floors and ceilings from a point cloud, while
Turner et. al. (2015) generated models for separate rooms [78]. Further
information (e.g. the thickness of the walls or floors, the types of building
component material) should ideally also be automatically determined from
sensing data, to improve the automation of the pipeline transforming sensed
data into a BEPS model.

Although the sensitivity analysis performed in this paper shows that rudi-
mentary geometric models derived from a point cloud differed by approxi-
mately 1% compared to equivalent models from reference data, it is clear
that such discrepancies in geometry do not significantly impact estimations of
building energy usage. Similar analysis needs to be performed and validated
in a more comprehensive evaluation that considers a complete representation
of building geometries. Such experimentation would help to remove uncer-
tainty with respect to the contribution of building geometry to the overall
"performance gap" issue in buildings.

6. Conclusions and Future Work

The generation of input data for energy simulation purposes has been a
time-consuming and laborious task, particularly the collection and process-
ing of building geometry information. Laser scanning data provides highly
detailed topographic information for a building, which can provide an oppor-
tunity to generate 3D building models quickly and accurately in a automated
fashion. The models can be used as a basis for BEPS model inputs by adding
further manual inputs not just for one-off projects but as a scalable solution
that is applicable to the majority of the existing urban building stock.

This paper describes a semi-automated process whereby point cloud data
captured by TLS is automatically transformed into usable geometric format
for a specific BEPS tool, EnergyPlus. The semi-automated process sub-
sequently requires manual input of basic semantic information for a given
building. The work demonstrates a worthwhile and potentially scalable so-
lution applicable to existing buildings. In this process, utmost care must be
taken when scanning multiple building storeys from a fixed horizontal plane
as scanning inaccuracies can have a downstream impact on building energy
performance prediction.

BEPS has an important role to the play in the renovation of the exist-
ing building stock by enabling the rapid creation of simulation models in a
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semi-automated manner. If the costs of creating these models are signifi-
cantly reduced, owners and operators will be better able to cost-effectively
use simulation tools as standard practice for retrofit scenario modelling.
Future work in this area includes the extension of this technique to cap-
ture an entire building (exterior and interior objects) and to generate more
complicated structures and building elements such as roofs, free-form sur-
faces, internal objects (e.g. ceiling, internal walls), shading elements, fagades
of non-terraced buildings, and skyscrapers. The integration of terrestrial and
aerial point data clouds may also benefit 3D building models with LoD 4 by
facilitating the coupling of exterior and interior building models. Finally,
the transformation of point clouds to BIM and GIS based formats offers the
potential for simulation at neighbourhood, district, and city scales.
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