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A B S T R A C T

This paper investigates a prospective application of point cloud data in supporting the contextual analysis of the
built environment during the conceptual design process. Often, the complexity of site information causes ar-
chitects to neglect several relevant properties that may affect environmental performance analysis, especially
when dealing with a complex design case. For example, the current approaches of 3D site modelling lack an
understanding of the site characteristics of existing environments with respect to either geometrical or material
properties. With the advancement of 3D laser scanning technologies, capturing complex information from real
contexts offers great possibilities for architects. From geometric and radiometric information stored within point
cloud data, this study specifically proposes a novel approach to contextual analysis that considers material
aspects and simulates solar radiation in the real environment. In doing so, three computational stages are de-
veloped. First, the correction of a raw dataset is designed to not only minimize errors during the scanning process
but to also clean the selected dataset. Second, material exploration and the simulation of solar radiation are
respectively used to calculate material properties and solar energy in the existing built environment. Third, an
integrated environmental simulation aims at identifying materials found in existing areas within a certain level
of insolation. As a form of design decision-making support, the present study ultimately generates a computa-
tional workflow for analysing the built environment from which architects may conduct a comprehensive
analysis of an existing context before initiating design exploration.

1. Introduction

The conceptual design stage is of the utmost importance to produce
the most significant decision of architectural design process [1]. Within
this stage, contextual analysis plays a prominent role in identifying
relevant information for design input. Architects should be able to
measure the environmental impacts of the proposed design to maintain
the quality of the existing context. However, due to the complexity of
information related to a building site, understanding the characteristics
of the existing context comprehensively remains a great challenge when
dealing with a complex design case. In most cases, existing approaches
to 3D site modelling (e.g., solid modelling [2,3]) pose several barriers
that may result in the following features missing from the contextual
analysis:

• The complex geometry of the existing context is not considered,
especially when dealing with isolated and dense areas [4]. Conse-
quently, it will often take too much time for modelling construction
to consider detailed site properties.

• Building-focused contexts tend to be explored, which consequently
neglects surrounding properties such as vegetation or other tem-
poral site elements [5,6]. This matters when conducting environ-
mental simulations of processes such as the UHI (urban heat island)
effect or when addressing microclimatic issues.

• Material characteristics of the existing environment [7,8] have yet
to be considered properly in 3D site modelling. This can greatly
affect the calculation of environmental impacts for both proposed
and existing buildings. In conventional design processes, material
studies are frequently paid less attention to during the form gen-
eration process, and most of the material attributes geometrically
applies when adapting architectural components (e.g., concrete for
walls or ceramic tiles for flooring) [9,10]. Consequently, it will be
challenging to identify different material properties within a single
component due to the use of fixed materials. As a matter of the fact,
such material properties will be extremely likely to present the same
values for different architectural components due to being posi-
tioned within the same environmental settings.
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On the other hand, the advancement of 3D laser scanning technol-
ogies has enabled one to easily capture complex information from real
contexts. A potential application of point cloud data may include
making information relevant to the aforementioned gaps available. In
this case, a point cloud consists of geometric and radiometric in-
formation [11,12] or may refer to visible and invisible properties, re-
spectively. Visible properties are stored in a colour point cloud, which
geometrically represents a real 3D model of the existing environment.
Meanwhile, invisible properties include attribute or metadata in-
formation associated with each record of measurement [13]. On the
basis of point cloud data, this study proposes an approach to environ-
mental performance analysis that involves an integrated workflow of
material studies and the solar simulation of an existing context. The
present investigation of material aspects aims at mapping surface
properties of the existing environment with the support of radiometric
information while geometric information may cater to the simulation
task of solar radiation. With this integration, the novel method pro-
posed in this work makes several contributions to the current workflow
of the architectural design process:

• The attribute information of point cloud data (position-XYZ, colour-
RGB, and reflection intensity-I) allows one to easily conduct an
environmental analysis during the conceptual design phase, espe-
cially in regard to the material performance of existing environ-
ments. After investigating optical and thermal properties, a surface
distribution catalogue can be generated to identify the material
characteristics of existing areas. This can be helpful to architects
wishing to perform comprehensive site analysis before making a
design decision.

• A point cloud-based solar simulation can effectively mitigate geo-
metric concerns related to the 3D modelling context. Relative to the
existing approach, the solar simulation method can be performed
without necessarily converting a complex dataset of point clouds
into a massive 3D mesh model. This process can be used to identify
further opportunities to run more environmental simulations di-
rectly based on an unstructured point cloud dataset. The inclusion of
more site properties during a simulation may also enrich environ-
mental simulation results.

• Integration between a material database and insolation values al-
lows one to measure the specific performance of any surface within
an existing dataset. Accordingly, architects are presented with a
fully informed site database that can be used to identify vulnerable
areas that may affect the performance of the proposed design. In this
case, architects not only need to balance the geometrical relation-
ship between surrounding buildings and the proposed design but
must also balance surface materials (performance of the building
skin) between them.

This work is divided into several sections. Section 1 presents an
overview of the study, describing information missing from current
architectural design approaches and following with a note on the re-
levance of point cloud data for addressing the highlighted issues
emerging during site analysis. Section 2 presents a theoretical back-
ground that specifically investigates potential applications of point
cloud data to material properties, and solar radiation analysis. An in-
depth discussion of computational design methods is then given in
Section 3. Our dataset collection approach and a detailed analysis our
findings are given in Sections 4 and 5, respectively. Finally, Section 6
presents a conclusion and recommendations for future study.

2. Theoretical background

As a facet of design decision-making support, we principally attempt
to perform a contextual analysis taking into account the real environ-
ment. In doing so, point cloud data are used to provide relevant in-
formation in support of the two primary subjects of this study: material

properties and solar radiation analysis. Raw dataset correction is also
briefly discussed as a guide to dataset preparation before processing the
next stage. The present section will describe specific features of these
subjects through the following discussion.

2.1. Point cloud data

2.1.1. Geometric information
As a product of laser technology, point clouds have been widely

implemented in many fields such as building construction [14–16],
landscape modelling [17,18], cultural heritage [19–21] and environ-
mental engineering [22–24]. Weinmann [25] describes a point cloud as
having two parts: the “point” geometrically speaking represents the
particular unit of location in a specific space and the “cloud” refers to
the unorganized arrangement within a blurred spatial boundary.
Otepka et al. [26]. define a point cloud as a set of points that are at-
tached to three-dimensional Cartesian space. As an extension of these
definitions, Randall [27] exemplifies several particular functions of the
geometric information of point cloud data as follows:

• To draw the position of an object with 3D coordinates in a global
coordinate system.

• To illustrate geometrical features such as the length between two
points and the orientation of objects.

• To illustrate visual information such as 2D and 3D digital images
and 3D virtual models.

• To support physical features such as textures, cracks and different
types of objects of varying density [28].

These functions, furthermore, create an opportunity to not only
cater to data visualization but to also drive precise simulation perfor-
mance [29]. For example, with the support of 3D colour point cloud
data, some existing studies of archaeology and heritage [30,31] have
successfully investigated the geometric aspects of building materials.
However, these material studies are predominantly performed on the
basis of the massive 3D mesh model. This approach, unfortunately,
presents several important issues, including the means of reconstructing
point cloud data to a 3D mesh model, which consumes large volumes of
computational storage, and the scale of the 3D mesh model for ar-
chaeology, which primarily deals with smaller objects than those of
architectural building or urban scales. Thus, it is critical to develop an
efficient method that can handle the dataset processing of architectural
contexts without compromising the quality of performance analysis.

2.1.2. Radiometric information
The entity of radiometric information refers to attribute properties

of each point within a dataset. Richter [32] notes six values of attribute
information that can be further investigated to provide an accurate
representation of a point cloud: colour [33], object class information
consisting of vegetation [34] and terrain [35], surface normal [36],
horizontality [37], and global and local height [38]. However, only a
few attributes are practically relevant during architectural design
practice. The issue is not rooted in mere design objectives; rather, it
originates from the prerequisites of particular attributes. Prior knowl-
edge and pre-processing steps are still needed to extract the full func-
tions of information properties. It is necessary, therefore, for architects
to identify the feasibility of using attribute information that fits into the
domain of a design framework.

To examine the context of environmental performance analysis in
greater detail, this study focuses on the exploration of typical attributes
of point cloud data, including coordinate positions (XYZ), colour in-
formation (RGB), and reflection intensity (I) [39–41]. Each of these
attributes supports different tasks. For example, colour information is
used to extract a certain area or object according to its colour values.
This possibility can be observed during the identification of road sig-
nage by converting RGB colour into HSV values [33]. Similarly,
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Ochmann et al. [42] examine colour and surface normal attributes to
identify the inner surfaces of room volumes. Meanwhile, the reflection
intensity constitutes the return strength value of the laser pulse of each
recorded point, which represents degree of reflectivity measured from
scanned objects [43]. In other words, intensity values rely heavily on
the surface properties and materials of scanned objects [44]. Practical
implementation can involve the detection of damaged concrete in a
tunnel, pavement lines or stripping; the mapping of the seafloor, and
the mapping of geological layers and damage caused by a natural dis-
aster [12]. Furthermore, position information serves as an index of the
coordinate location of each point that automatically aligns to both
colour and intensity values of a dataset. For this reason, it is feasible to
select certain areas of the dataset according to its attached values.

The attributes mentioned above explicitly facilitate the extension of
the particular performance of point cloud data, to not only facilitate
impressive 3D visualizations but to also drive environmental analysis
during the conceptual design stage. When it comes to the site analysis
process, these attributes may be able to enhance the sensitivity of site
investigations, especially of those dealing with microclimatic issues
affecting a dense area.

2.2. Correction of the raw dataset

As end-users of 3D scanning technology, architects are responsible
for not only understanding relevant information from a dataset but for
also identifying factors that may affect a dataset during scanning such
as environmental conditions, meteorological conditions, atmospheric
pollution [45,46], scanner mechanisms, object properties, and scanning
geometries [47]. In this case, point cloud data usually present technical
issues related to dataset transformation and computational processing.
For example, the TLS (terrestrial laser scanner) dataset often consists of
a highly dense dataset such that it must be employed using a powerful
workstation [48], and the interoperability the dataset results due to the
use of different formats, quality levels and units among default scanners
[49]. Such aspects must therefore be managed beforehand to allow for
dataset processing.

After establishing the selected dataset, the correction of a raw da-
taset involves intensity correction. This aims at examining nearly “true”
values of intensity as a means preventing erroneous measurements from
being made during scanning (e.g., sensor noise, hardware sensitivity,
laser wavelengths, and the surface geometry of the target) [50,51]. In
addition, Kashani et al. [12] specifically describe several parameters
that influence intensity values of a raw dataset such as target surface
characteristics, acquisition geometries, and instrumental and environ-
mental effects. These factors, however, cannot be fully compensated for
due to local constraints such as atmospheric conditions (humidity and
temperature pressure levels) and default features from the manu-
facturer. Consequently, manual adjustment will still be required even
though this is challenging for common users such as architects.

This study specifically applies an intensity correction to a raw da-
taset by focusing on the acquisition geometry from the angle of incident
(α). The angle of incident is the angle between the surface normal
vector and incident radiation vector [52,53]. One can be observed from
the oblique surface of a building that produces more backscattering
cross-sections than a direct surface when struck with a laser beam [12].
As the TLS dataset largely depends on the tools and manufacturers of
laser scanners [52], distance effects are not considered further in this
case. The distance between the instrument's position and scanned areas
also adheres to a tolerated distance between the brightness-reducer and
scanner.

2.3. Material properties

In the preliminary design stage, a crucial task facing architects is to
identify environmental impacts on the existing context that may affect a
new building and vice versa. In relation to this, the potential

application of point cloud data progressively enables one to investigate
materials in the existing environment. Some publications have at-
tempted to address surface material properties by making use of RGB
colour and intensity values taken from TLS datasets. Some of these
studies perform non-invasive material analysis through the measure-
ment of chemical properties and from the albedo of scanned objects
[54], and investigations of reflecting surface properties based on effects
on the maximum range and the range delay error [55], and based on
different surface conditions (e.g., wetness and darkness) [56–58]. Ma-
terial properties can also be found from LiDAR (light detection and
ranging) datasets through the BRDF (bidirectional reflectance dis-
tribution function) model and intensity data [59], and through the use
of lidar return density values in identifying water bodies [60]. The
objectives of these works, however, predominantly focus on the geo-
metric accuracy of surface characteristics (roughness and reflectance)
of different material samples determined from indoor laboratory ex-
periments while in this study material properties are investigated by
taking into account both optical and thermal properties according to a
dataset of a real building context. Moreover, we perform intensity
corrections on a raw dataset to compensate for factors related to data
acquisition geometries, which are mostly absent from the existing ma-
terial studies of TLS datasets.

Furthermore, Kigle-Boeckler [61] describes four key elements in
defining surface properties of objects, including materials (e.g., coating,
plastic, or metal), surface topographies (e.g., smooth, rough, or struc-
tured), the degree of transparency, and the substrate. Based on these
items, the present study examines surface materials of a real building
dataset by focusing on two aspects: thermal and optical properties.

First, thermal properties demonstrate the quality or attributes of a
material, which shape the response process when dealing with the
conductivity of heat or with heat fluctuations over time [62]. For the
dataset of a point cloud, the following indicators are measured to fa-
cilitate the identification of surface materials.

2.3.1. Albedo
Albedo refers to the fraction of sunlight reflected from a material or

surface [63–65]. Albedo values have a significant impact related on the
energy balance of an urban environment, as they constitute absorbance
percentages of solar energy. As such, albedo can be used to describe the
environmental characteristics of certain areas. Albedo values range
between 0 and 1 where a lower value corresponds to a blackbody [66].

2.3.2. Emissivity
According to Ashby et al. [67], emissivity refers to heat radiation

emitted by the surface of a material. It is also defined as the ratio of
radiated light reflected from a material to the volume emitted to a
blackbody for the same temperature, wavelength, and emission direc-
tion [68]. In contrast to emissivity data, intensity information of point
cloud data takes a value of 1.0 for a bright (white) surface or perfect
reflector while a perfect emitter (black) is assigned a value of 0. Ex-
amples include materials with smooth and shiny surfaces such as
plastics, ceramics, water and polished metals, which are generally
characterized by high-intensity values but low levels of emissivity [69].
While in principle both emissivity and intensity determine their values
contrarily, they consider a similar aspect related to the material of the
object's surface. In so doing, the determination of emissivity values can
be identified from corrected intensity information.

Second, materials with optical properties are principally determined
through their interactions with light or electromagnetic radiation.
Regarding optical properties this study focuses on investigating re-
flectivity and translucent values of materials by taking into account the
RGB colour of each point within a dataset. Section 3.1 presents a de-
tailed calculation of these values.

2.3.3. Reflectivity
In general, reflectivity describes the amount of light reflected from a
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material in relation to the total amount of incident light that reaches the
surface of a material [67,68]. Marsh [70] furthermore distinguishes
reflectivity from reflectance. As a boundary property, reflectivity refers
to a layer between two particular types of objects while reflectance
corresponds to a layer between two specific instances of objects.
Nevertheless, in the case of opaque materials, both reflectivity and re-
flectance are of equal value except in the case of transparent objects, as
internal reflections within such materials appear to have a considerable
effect. In accordance with a given point cloud dataset, the calculation of
reflectivity values in this study predominantly covers opaque materials
due to laser scanning capacities. With current applications of laser
scanning, a fully transparent record of objects results in a coarse cloud
of points within a dataset. This simultaneously confirms the scope of
this study on reflectivity properties.

2.3.4. Translucency
An investigation of translucent properties of a material inevitably

also involves the calculation of its transmittance values. Transmittance
is a material property reflecting a material's capacity to transmit light
received through the material itself [70]. In turn, opaque materials
should present a zero transmittance value as they cannot be penetrated
by light. In regard to a point cloud dataset, one can calculate trans-
mittance values of materials from colour information for each point.
Following from this assumption, as long as a dataset contains RGB
colour, the translucence of materials can be identified in parallel with a
comparison of its reflectance values. Such a calculation is also sup-
ported through material mapping with ElumTools [71] when trans-
mittance values are added to opaque material properties, allowing the
selected objects to be categorized into a translucent material.

2.4. Solar radiation analysis

An insolation analysis involves evaluating how building surfaces
absorb thermal energy from the sun [72]. During conceptual design,
evaluating the relationship between a building and the sun is critical to
ensuring the behavioral performance of buildings based on optimal
sunlight conditions. This process ultimately becomes relevant not only
for a proposed building but it can also be extended to existing buildings
through contextual analysis. For example, the simulation of solar ra-
diation allows us to map the average solar energy of each panel on a
building's façade. In turn, the potential amount of solar radiation
reaching a building or site surfaces can be identified and further ana-
lysed.

However, as the issue that matters most for current simulation ap-
proaches to solar radiation, the 3D digital model of the existing context
is primarily constructed by means of basic architectural geometric
shapes. In regard to surface characteristics of buildings, the exclusion of
textures from the context model and of other relevant site properties
can considerably affect the interpretation of simulation results [73].
Things become even more complex when dealing with the 3D model for
an isolated context or urban scale forms. Horvat and Dubois [74] reveal
that less than 10% of architects are satisfied with the utilization of
various solar simulation tools. It is thus, important to at least consider
surface properties of the existing environment during the simulation of
solar radiation.

In the meantime, some existing works have conducted solar radia-
tion analysis by making use of point cloud data. For example, in using a
LiDAR DEM (digital elevation modelling) dataset, Kassner et al. [23]
attempted to identify areas of high solar potential on a building's roof
and the suitability of a PV (photovoltaic) system for urban areas by

Fig. 1. Overview of the computational workflow.
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means of pyranometer measurements [75]. Carneiro et al. [24] and
Jochem et al. [76] develop solar radiation models in urban areas to
deliver an automated solar potential assessment. Similarly, an inter-
active 3D visualization of the solar urban model [77] has been gener-
ated to calculate the solar irradiance distribution based on roof and
building facades [78]. Later, Pavlovski et al. [79] from a solar resource
campus map and Li et al. [80] in using a pixel-based approach quantify
solar energy stored within an existing building's roof and infra-
structures. As a major concern related to these approaches, their
workflows are inclined towards the domain of environmental en-
gineering, which predominantly uses ALS (Airborne LiDAR) datasets.
Meanwhile, studies have yet to focus on the use of TLS datasets rather
than ALS datasets due to accuracy concerns [81,82], high-resolution
formats [27,83], and broader coverage of isolated areas. Moreover,
integration with the architectural design process has yet to be addressed
and particularly in relation to site analysis based on TLS datasets. The
present study ultimately attempts to address these issues by proposing a
computational design method in the following section.

3. Development of the computational design method

As introduced in the previous section, the ultimate goal of this study
is to develop an integrated workflow of environmental performance
analysis for material studies and solar simulations by taking into ac-
count point cloud data for the existing environment. A series of com-
putational procedures is developed to support this goal (see Fig. 1); this
involves the use of existing frameworks such as point cloud dataset
processing and the normalization of intensity values in a first stage and
then calculating material properties and sun angles in a second stage. In
line with this, several specific frameworks are developed by the au-
thors, including material database formation and the calculation of
insolation values of point cloud data in a second stage and the material
selection of point clouds based on insolation values in a third stage.

To illustrate the proposed workflow, a detailed discussion of inputs,
procedures, digital tools, and outputs of each stage are addressed
below.

3.1. Correction of the raw dataset

As noted in Section 2.2, in this study we perform raw dataset cor-
rections. This process mainly involves two tasks: pre-processing and
intensity correction. Fig. 2 presents a detailed account of this stage.

Before the dataset is readily used for architectural design analysis,
several preliminary steps are completed to avoid irrelevant properties
that may compromise workflow performance. These steps involve noise
reduction and outlier (unnecessary clouds of points) removal, the se-
lection of attribute order and dataset formats due to interoperability
issues emerging during analysis, and the activation of scalar field
functions to identify metadata information for a point cloud. These
preliminary tasks are computationally supported by Cloud Compare
(CC) [84]. One task involves reducing the density of points to manage
computation time and calculation requirements of the dataset.

For intensity corrections I( )c , we use the following equation [12].

= ⋅I I
cos α

1
c raw (1)

where Ic =corrected intensity

Iraw =original intensity
α =angle of incidence

The angle of incidence is determined with equation [50] below
based on the assumption that the initial positioning of the laser scanner
is known at (0,0,0).

⎜ ⎟= ⎛
⎝

⎞
⎠

−i cos dn dl
dn dl

.
| |

1

(2)

where i =incident angle (α)

dn =direction of surface normal
dl =direction of the laser pulse

Before applying these algorithmic functions for intensity correc-
tions, the raw intensity values must first be normalized. This procedure
is designed to calibrate the numerical index of the original dataset
during arithmetic operation.

3.1.1. Material exploration
This stage involves two main steps (see Fig. 3): first, material

properties (thermal and optical properties) derived from attribute in-
formation such as XYZ, RGB, and corrected intensity values are calcu-
lated, and second, a material database derived from the calculation of
material properties is developed. Material selection can then be per-
formed with the material database according to the established criteria.

As described in Section 2, thermal properties include albedo and
emissivity values while optical properties include reflectance and
transmittance values. On the basis of colour information of point cloud
data, reflectance and transmittance values are calculated by referring to
a graphics colour taken from the ElumTools library [71], which is also
used as a reference for material and artificial lighting simulations in
Revit [85]. Reflectance and transmittance values are respectively de-
termined from the following equation.

= ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

Ref R G B0.2125
255

0.7154
255

0.0721
255 (3)

= ⋅ + ⋅ + ⋅Max Trans R G B. (0.2125 ) (0.7154 ) (0.0721 )avail avail avail (4)

Fig. 2. Correction of the raw dataset.
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= = =R R G G B B/255 /255 /255avail avail avail (5)

where Ref= the reflectance value

Max.Trans=maximum transmittance
Ravail =the maximum amount of light reflected from the red com-
ponent
Gavail = the maximum amount of light reflected from the green
component
Bavail = the maximum amount of light reflected from blue compo-
nent.

To obtain maximum transmittance values, the most heavily re-
flected component should be initially identified based on non-dichroic
transmittance. The resulting component is first subtracted by 1 to find
the ratio of transmitted value to reflected light. This ratio is useful as a
multiplier in calculating the relative amount of light for the other
colour components. Accordingly, maximum transmittance values can
be calculated by performing the mathematical operation given in
equation (4). Emissivity values are determined from the corrected in-
tensity attributes as both emissivity and intensity based on similar
material aspects related to surface reflectance. In this case, however,
their values principally work in reverse.

Furthermore, albedo values are computed from both colour in-
formation and corrected intensity. As is exemplified in equation (6), the
calculation aims at not only measuring light reflected from the average
of RGB colours but also capturing incident solar energy through the
multiplication of corrected intensity values.

=
⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

⋅

+ +( )
Alb I

255

R G B

c
3

2 2 2

(6)

where Alb= the albedo value

R= the red value
G= the green value
B= the blue value
Ic = the corrected intensity value

After establishing formulas for all material properties, each point of
a dataset can readily be inputted into the material database. This ma-
terial database will then evaluate each point in a conditional loop ac-
cording to the threshold value taken from optical and thermal proper-
ties. Due to a lack of compatibility between existing material libraries
(e.g., Honeybee-Grasshopper includes Radiance, Open Studio 1.12.0,
Energy Plus V8-5-0, THERM 7.6 [86] and CES Edu Pack 2017 [67]) and
the proposed method, we propose a sample of relevant materials that
matches the conditions of the selected dataset (see Table 1).

Discrepancies between existing material libraries can be observed
from computational workflows and materials formats. For example, in
Radiance, material setup involves using a specific type of material at
the beginning of the workflow, which is then followed by material
properties. By contrast, the method proposed in this work involves
identifying materials at the end of the workflow as the output according
to the selection process used for the point cloud dataset. Considerable
efforts have been made to compensate for this issue by inputting ma-
terial properties in CES Edu Pack beforehand. This approach generates
several types of materials that correspond with input properties.
However, a further consideration not only concerns the availability of
material properties but also the complex range of material types that
are to some extent seemingly irrelevant to the proposed context. For
example, material selection in CES Edu Pack concludes with formation
of many unexpected variations of specific engineering materials. Such a
result would produce biased outputs from this study, which is intended
to deal with architectural materials used for outdoor building surfaces.

3.1.2. Simulation of solar radiation
Due to the requirement of similar inputs from point cloud data (see

Fig. 1), the proposed process (stage 2b) is based on a similar level as
that of stage 2a focused on material properties. As such, a portion of the
employed dataset also takes selected points from the corrected intensity
values. The workflow of our simulation of solar radiation is illustrated
in Fig. 4.

In general, the simulation of solar radiation involves the use of two
main inputs: the sun's direction vector from the environmental variable
and normal vectors of the site surfaces. The calculation of the sun vector
involves the use of climate and geographic inputs such as latitude,
longitude, and the specific point of time of given a year. Specifically, for
this study this process is performed by using components available
through Grasshopper, some of which include Ladybug and DIVA, but of
course this can be done with other tools. Meanwhile, normal vectors of

Fig. 3. Material exploration of point cloud data.

Table 1
Material database for the outdoor building context (collected from various
sources).

Index Material types Material properties

Emissivity Albedo Reflectance Transparency

0 Brick 0.93 0.4 0.2 Opaque
1 Asphalt 0.9 0.12 0.07 Opaque
2 Stone (granite) 0.44 0.30 0.25 Opaque
3 Stone (white

marble)
0.75 0.6 0.45 Opaque

4 Wood 0.8 0.35 0.5 Opaque
5 Plaster 0.9 0.4 0.65 Opaque
6 Cement 0.54 0.8 0.4 Opaque
7 Ceramic tile 0.5 0.35 0.72 Opaque
8 Glass with a

zenith-angle of
40–80°

0.95 0.52 Transmittance –
0.75

Translucent
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site surfaces are computed in CC due to the large number of points to be
calculated.

With a trigonometric principle (see Fig. 5) the insolation values of
each point of a dataset can be calculated from the normal irradiance
(the angle between sun vectors and normal vectors of the site surfaces)
multiplied by the cosine of the angle of incidence (INC). In principle,
solar energy is fully absorbed by the surface when the sun vector and
the normal vectors are aligned. To reflect this, the cosine value of the
angle will be 1 when the angle formed is zero such that as the angle
increases, the cosine value will decline.

Furthermore, the following process requires the use of a synchro-
nization value between the simulation result of the insolation analysis
and the index of the coordinate position from the initial dataset. This
allows for the identification of a surface's degree of direct sun exposure
for the point cloud dataset. With a colour 3D point cloud, the lowest
and the highest degrees of direct sun exposure can then be visualized to
each point of the dataset. For outputs the proposed workflow produces
a 3D point cloud model aligned with an ASCII file that presents a si-
mulation analysis of the dataset.

3.1.3. Integrated environmental simulation
This stage involves investigating an integrated workflow between a

material database and a simulation of solar radiation. It aims to not
only identify materials in areas exposed to a certain level of direct

sunlight but to also generate a highly informed site database through a
fully integrated simulation analysis conducted in the preliminary design
stage. The following figure describes the process of the integrated
workflow (see Fig. 6).

The main procedure of the workflow focuses on material selection
according to material properties of the point cloud dataset. In this
workflow, insolation values are integrated with material types such that
surfaces subjected to high or low levels of solar exposure can be iden-
tified and extracted along with their materials. In this case, a numerical
index of each point within the dataset plays a crucial role in synchro-
nizing metadata between material properties and solar simulation re-
sults.

Ultimately, a list of insolation values corresponding with material

Fig. 4. Solar radiation simulation workflow.

Fig. 5. Calculation of solar irradiance (INC: angle of incidence, G: global irra-
diance) [87].

Fig. 6. Simulation of solar radiation.
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types is the final output of the proposed integrated workflow. An eva-
luation of the whole dataset will generate the number of points that
meet and do not meet the criteria of the material database. Accordingly,
a comprehensive analysis of the environmental performance of the
existing context can be conducted. To implement the proposed com-
putational workflow, a sample 3D colour point cloud dataset is used in
the following section.

4. Dataset collection

We applied the approach on a selected small sample of 3D point
cloud data (see Fig. 7). Several criteria are used during dataset collec-
tion, some of which include the following: First, the dataset consists of a
3D colour-point cloud. Colours can help architects not only visualize
the representation of real objects in the digital environment but also
analyse the appearance of materials and textures during simulation.
Second, the dataset includes information on at least three typical at-
tributes as mentioned above: XYZ, RGB, and reflection intensity (I).
Third, the dataset includes multiple site properties for the sake of ma-
terial property investigation. After setting these criteria, dataset col-
lection can be applied to any architectural context.

The collected dataset is for a Middlestum Church located in
Groningen, the Netherlands. Its geometric properties include a building
facade, trees and a surrounding landscape with a total number of points
spread across 31,5 million points. Via cloud sub-sampling in CC, the
minimum distance between two points can be adjusted to limit the
density of points. In this case, the dataset is ultimately set at 5 cm,
producing roughly 449.267 points from the total collection of points.
Dataset collection is supported with a Faro Focus 3D laser scanner set to
a wavelength of 950 nm. We also use a Nikon D5300 DSLR camera for
the processing of the 3D colour-point cloud.

5. Study findings and discussion

Having established the selected dataset, this section discusses the
implementation of the proposed workflow. The analysis results are
presented under four categories: intensity correction, the surface dis-
tribution of material properties of the dataset, simulation results of the
insolation analysis, and material selection for each selected point cloud
dataset. These are presented in the chronological order of the proposed
workflow described above.

5.1. Intensity correction

During dataset preparation it is important to first calculate the in-
cident angle before determining the corrected intensity (Ic). For an
unstructured cloud of points, the surface normal of the points is cal-
culated by using a Hough Normals plugin [88] in CC. This condition
requires that such a task identifies optimal normal values in the dataset.
Several tolerance angles are then simulated into raw intensity values of

10°–90° (see Fig. 8).
Fig. 8 shows the dispersion of points among cosine values from the

range of angles. It shows that points can be scattered at a certain angle.
However, the majority of dense points seemingly make up a small
portion of each plot of cosine values. It can be said that some points on
a certain surface might correspond very well to a laser beam projected
at a certain angle during scanning. Roughness and material character-
istics of the surface also play an important role in this condition. Fur-
thermore, an evaluation of the scattered points is run by reducing them
while maintaining the densest one. In doing so, a standard deviation of
each cosine value is plotted to identify the density distribution of points
within the dataset (see Fig. 9).

According to the distribution of points shown in Fig. 9, the prox-
imate truncation of the dataset is set to range from 0 to 0.015. What
results are roughly 266.864 points or 59.3% of all points. As such, in-
tensity corrections can be calculated using equation (1). Fig. 10 below
presents a comparison between the raw dataset and the corrected in-
tensity values.

The following aspects describe major changes in the dataset's per-
formance resulting from the initial intensity level:

• by certain RGB colour features, several geometric properties of the
original dataset (specifically trees and edges along the building)

Fig. 7. The selected 3D colour point cloud dataset

Fig. 8. Distribution of points according to the angle of incidents.

Fig. 9. Distribution of points according to the standard deviations of different
cos values.
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disappeared. In this case, intensity correction mostly affected not
only the scattered points but also the uneven surfaces. This result
simultaneously provides us with enough insight to temporarily ex-
clude vegetation properties during the intensity correction phase, as
vegetation will considerably affect all dataset values during the
calculation of material properties and during the simulation of solar
radiation.

• The colour value of intensity also undergoes significant transfor-
mation. Four colour steps are set to facilitate the legibility of the
intensity range. As a bright colour, the colour yellow represents a
high-intensity value that concurrently refers to the most reflective
surface while the colour blue denotes the opposite. In Fig. 10-A (see
part of the scalar field) the most reflective surfaces are pre-
dominantly distributed across the wall of the building. This intensity
distribution reveals a major discrepancy from Fig. 10-B based on
tree trunks located on reflective surfaces. In general, this serves as a
crucial aspect of surface material properties to consider when de-
termining intensity values particularly dealing with real building
contexts.

• According to the histogram results, the distribution of intensity
values observed within the original dataset concentrates at a green
colour representing approximately 89% of the total density of the
points. This means that green values are scattered across the entire
surface of the dataset. On the other hand, from the calibration of the
incident angle of the scanner and the normal vector of the datasets,
the corrected intensity values ultimately present an obvious
boundary between areas of high (yellow), moderate (green) and low
(blue) intensity values.

5.2. Surface distribution of material properties

This step involves mapping material properties of the surface of the
dataset in parallel with the calculation of point densities of each iden-
tified surface. With information on surface materials architects can
measure the specific performance of certain areas within an existing
dataset. Fig. 11 presents the surface distribution of the selected material
properties within a range of 0.0–1.0.

In general, the point density of surface materials follows a similar
pattern as property ranges of the largest and smallest values. The three
material properties of reflectance, emissivity, and albedo are measured
within an equivalent range for the largest values, at 0.0–0.3. These
constitute 21.4%, 28.6%, and 21.2% of the total density of points, re-
spectively. The only exceptions found for this largest range are trans-
mittance values, with 19.097% ranging from 0.4 to 0.5. Meanwhile, for
the lowest percentages of values, reflectance, emissivity, and trans-
missivity occupy a similar range of 0.9–1.0. Only the albedo values are
valued within a range of 0.0–0.1. Moreover, translucent properties are
evaluated by comparing values of average reflectance and transmit-
tance for each point. This evaluation is performed with a Boolean op-
eration. When the reflectance is larger than transmittance values, the
translucent material will be False and vice versa. The results show that
translucent materials constitute 48.7% of the points while the re-
maining 51.3% have opaque properties. A comparison of these values
statistically reveals that surface materials covered within the dataset
primarily constitute non-reflective surfaces. This simultaneously shows
that other surface characteristics of the existing context mostly include
rough textures and high surface temperatures observed during the
daytime [89].

A surface material catalogue allows architects to select particular
areas to analyse further under an environmental design framework

Fig. 10. Comparison of the (A) Original dataset and (B) Corrected intensity.
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while providing supplementary information on which design treat-
ments to apply to specific areas based on material parameters.

5.3. Simulation of solar radiation

As noted in Section 2.3, this step involves quantifying the solar
energy of the existing context according to solar radiation simulation
results for a point cloud dataset. In this case, the simulation focuses on
the period of June–September 2017 (9 a.m.–8 p.m. Central European

Time) with a coordinate position of 52.1326° N, 5.2913° E. From this
setting, 36 values of sun vectors are produced from the sun angle cal-
culation. These vectors are then computed to each surface normal of the
point cloud dataset. Accordingly, each point of the dataset is evaluated
from 36 sun vectors. The evaluation yields approximately 9.6 million
radiation values. The aggregation of the time range will result in robust
output values with the effect of consuming time during the simulation
process.

Fig. 12 presents simulation results for incoming solar radiation for

Fig. 11. Surface distribution catalogue of material properties.
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the point cloud dataset. The simulation results are visualized based on
five colour properties ranging from red to green, which respectively
denotes high to low radiation values. As is illustrated in Fig. 12-B, less
than 10% of all radiation values meet the criteria required to absorb
solar energy. The domination of green colours across the surface of the
dataset indicates a lack of solar energy absorption. Meanwhile, yellow
and red points reflect the dataset remaining from green subtraction (see
Fig. 12-B2) and originate from values of 0.8–1.0 according to their
histogram bar values.

Fig. 12-C furthermore presents average insolation values received
by each point of the dataset. During the simulation, only maximum
insolation values from each point are counted. The histogram bar
(Fig. 12-C2) shows that yellow colours constitute the largest proportion
of insolation values at 0.4–0.5 (58% of all points). On the other hand,
red colours as the highest values can only be found in certain areas with
low proportion. For example, red points are unevenly distributed along
the edges of the building's walls and along tree branches, which are
unfortunately less conducive to solar collection technology application.

5.4. Material selection with integrated insolation values

This section discusses the workflow of integration for the material
database and for insolation values derived from the simulation of solar
radiation. With a developed material database, the proposed algorithm
evaluates the material properties of the dataset according to a threshold
value of optical or thermal properties. This approach allows for the
identification of material types in parallel with the total number of
points exhibiting optical or thermal properties. The database is fur-
thermore employed to identify materials presenting certain ranges of
insolation values.

According to the material selection results (see Fig. 13), the dataset
most likely fulfils the criteria for material properties for the database

(see Table 1). Unknown materials are found those points that do not
fulfil the criteria. Eight of the 9 materials successfully meet threshold
values for optical properties while for thermal properties only 6 ma-
terials meet the selection criteria. Regarding the density of points, the
resulting optical properties of the materials are predominantly regis-
tered throughout the whole dataset, which includes over 44.9% optical
properties. Thermal properties represent only 6.7% of the points.

Further results on this material selection are as follows:

• We find that transmittance criteria heavily affect dataset selection
regardless of the number of points of transmittance values. This can
be observed, for example, from optical properties, as wood materials
quantitatively represent the largest proportion of registered mate-
rials, while stone (granite) makes up the lowest proportion. These
results can be examined from the material database (see Table 1)
and by then referring back to a comparison of surface distribution
catalogues (see Fig. 11). In this case, wood and stone (granite)
consist of opaque materials with reflectance values of 0.5 and 0.25,
respectively. For the range of 0.5, surface distribution values (see
Table 1) show that a threshold of 0.5 (0.4–0.6) accounts for over
19% of the density in points in terms of average reflectance.
Meanwhile, stone materials (granite) (thresholds of 0.2 to 0,3) ac-
count for more points at approximately 21.4%.

• The resulting materials successfully identify a number of points from
opaque and translucent materials in terms of both optical and
thermal properties.

• The point properties of the dataset confirm similarities among the
material types. Accordingly, various objects with different surface
characteristics (e.g., roughness and glossiness) can actually be
composed of the same materials. This case can be observed from a
group of points that fall within several material thresholds. As an
example, a point with index 42633 in terms of optical property

Fig. 12. Simulation of solar radiation.
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criteria refers to three types of materials: stone, wood, and cement.
Fleming [90] implicitly confirmed this point in that material esti-
mations computationally support a higher fidelity of representation
than mere material categorizations.

The final step of the proposed workflow produces a list of materials
found within the dataset according to insolation values generated from
the simulation (see Fig. 14). As an input, insolation values of a different
colour range (as illustrated in Section 5.3) cover various point densities.
From our evaluation of the material database the results show that each
colour range on both optical and thermal properties covers a large
variety of material types. Eight out of 9 materials were successfully
identified for both properties. The properties also follow similar trends
in point density for each identified material within the insolation colour
range. This result indicates that the developed material database posi-
tively responds to calculations of material properties acquired from
point clouds of the existing context, highlighting further opportunities
to modify the environmental performance of certain areas according to
a material analysis.

Fig. 14 shows that the highest material distributions in terms of
optical and thermal properties are respectively found for wood (index
4) and glass (index 8), though yellow colours also denote the presence
of cement (index 6) in terms of thermal properties. The least common
values are found for stone-granite (index 2) in terms of optical prop-
erties and for asphalt (index 1) and white stone-marble (index 3) in
terms of thermal properties. From the material performance within
these properties, environmental characteristics of the context examined
in this study can be hypothetically addressed. For example, a massive
discrepancy in insolation values between the largest (denoted by light
and dark green areas with a point density of over 70%) and smallest
portions (denoted by red and orange areas with a point density of only
21%) may affect how the environmental context generates ambient
temperature. As Ramirez and Munoz [89] point out, areas absorbing
less energy denote high albedo values. It can then be useful to moderate
the urban heat island effect. This means that materials within 70%

lower insolation values can be substituted with materials with high
albedo values. This strategy may be used to measure the thermal im-
pacts of microclimate issues on the built environment.

6. Conclusions and future perspectives

In this study, we perform an environmental performance analysis of
an existing context by making use of potential applications of point
cloud data. Through material studies and simulations of solar radiation,
the proposed computational workflow allows architects to fortify con-
textual analysis during the initial design stage. Several concluding re-
marks regarding this process are made as follows:

• The exploration of material properties (optical and thermal) from
attribute information on point clouds extends particular functions of
3D scanning technologies related to performance simulation and
environmental analysis during the architectural design process. The
proposed workflow reveals an additional opportunity to map im-
pacts of the built environment before applying a new building to the
selected context.

• Post-processing datasets necessarily help architects not only select
relevant information to be employed during analysis but also
minimize the environmental effects of dataset measurement during
scanning.

• The integrated workflow between the material database and solar
simulation may reveal specific characteristics of the existing en-
vironment. For example, the identification of highly reflective sur-
faces or high insolation values of a certain area can help architects
to decide whether to maintain or alter the design process.

While the workflow presented in this work presents partially posi-
tive results, it requires further consideration in certain respects. For
example, dataset corrections may require one to consider more radio-
metric parameters, especially related to intensity properties such as
surface roughness, range, and target reflectance. These parameters are

Fig. 13. Material selection according to optical and thermal properties.
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expected to reduce erroneousness of dataset measurements. Storing
more relevant materials in a database also allows for a broad range of
selection criteria used for the datasets. The material database employed
in this work focuses demonstrates the feasibility of applying the pro-
posed workflow for architectural design practices.

With further developments from this study may extend several po-
tential features, some of which may include the use of temperature
parameters in defining thermal properties to enrich albedo information
on existing contexts or expanding the scale of case studies so that as-
pects of urban morphology and building functions can be addressed.
Finally, using a reflectometer in combination with a thermal camera
during scanning might prove useful for verifying and calibrating dataset
reflectance values.
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