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ABSTRACT ARTICLE HISTORY
The thermal comfort conditions in a complex urban area is influ- Received 30 September 2016
enced by the surrounding structures and obstacles which modify Accepted 19 June 2017
the incoming radiation fluxes. A measure of this modification is

the sky view factor (SVF), which could be estimated in each point

of a selected area if a high resolution digital elevation model

(DEM), or other urban morphological data including the manmade

infrastructure, are available. The goal of this study is to model the

continuous SVF for a complex building environment in the cam-

pus of National and Kapodistrian University of Athens, based on a

high resolution DEM (0.09 m). For this purpose, we applied the

structure-from-motion (SfM) technique, which takes advantage of

the interpretation of ultra-high resolution colour images acquired

by remotely piloted airborne systems, also known as drones or

unmanned aerial vehicles. A quantitative analysis, by applying

statistical metrics, yields perfect agreement between modelled

and observed SVF values, over the examined area. The proposed

methodology could be applied for human-biometeorology

research in micro scale complex urban environments.

1. Introduction

The urbanization phenomenon, referring to the increasing number of people that live in
urban areas, is not a modern phenomenon resulting in the physical growth of urban
areas, either horizontal or vertical. According to the United Nations Department of
Economic and Social Affairs (2014), the urban population of the world has grown rapidly
from 746 million in 1950 to 3.9 billion in 2014. The world’s population living in urban
areas is projected to increase from 54% in 2015 to 60% in 2030 and to 66% by 2050. As a
consequence, the development of cities establishes the urban heat island (UHI) effect,
which is defined as the rise in ambient temperature in a city or metropolitan area
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against its nearby rural areas due to human activities. The open land and the vegetation
have been replaced by buildings and roads, which are releasing huge quantities of heat
(Nastos and Kapsomenakis 2015). Moreover, the UHI effect, the contribution of which in
large scale warming trends is quite small (Jones, Lister, and Li 2008; Kondratyev and
Varotsos 1995), influences not only the humans and the cities but also the ecosystems,
which are located away from the city centre (Nastos and Kapsomenakis 2015).

Urbanization also led to the need for better urban planning in order to improve the
thermal environmental conditions especially in outdoors spaces. The human thermal
perception in urban areas is directly influenced by ambient parameters, such as air
temperature, humidity, solar radiation, and wind speed (Nikolopoulou, Baker, and
Steemers 2001; Svensson and Eliasson 2002; Shashua-Bar and Hoffman 2003; Matzarakis,
Rutz, and Mayer 2010; Lin et al. 2013). These variables are modified by the complex micro-
environments appeared within the urban structure, taking extreme values in specific
cases. The urban canyon geometry in terms of orientation (N-S; E-W), sky view factors
(SVF) and/or height:.width (H:W) ratios have been used in both observational and model-
ling studies to develop relations with energy and heat exchanges (Grimmond et al. 2001;
Charalampopoulos et al. 2013; Jamei et al. 2015). The SVF plays a significant role to
determine the incoming radiation fluxes in a complex urban environment (Oke 1981;
Oke et al. 1991; Holmer, Postgard, and Eriksson 2001, Nunez, Eliasson, and Lindgren 2000).
It is a dimensionless measure between zero and one, representing totally obstructed and
free spaces, respectively (Oke 1988). The first yet brief definition for the sky view factor is
provided by Watson and Johnson (1987) and is described as ‘SVF is the ratio of incoming
radiation received by a planar surface from the sky to that received from the entire
hemispheric radiating environment'. This definition is accepted and preferred by academic
community (e.g. Brown, Grimmond, and Ratti 2001; Lindberg and Grimmond 2010; Wu,
Zhang, and Meng. 2013; G4l, Lindberg, and Unger 2009).

SVF referred also as planar or spheric SVF in biometeorological studies, which focus
on the quantification of human thermal environmental conditions. The differences
between the planar and the spheric SVF is that the planar type can be expressed as
the radiation coming from the visible part of the sky divided by the total radiation from
the entire hemisphere (Mandanici, Conte, and Girelli 2016) when the spheric one defined
the SVF as the portion of visible sky in the entire celestial hemisphere centred on the
observation point (Zak3ek, Ostir, and Kokalj 2011). According to Mandanici, Conte, and
Girelli (2016), the first definition comes from the concept of the view factor and accounts
for the projection of each element of the observed surface in the plane of the observing
surface. Instead, the second definition expresses SVF as the proportion of the sky that is
visible from a point to the overall sky dome. With this last meaning, the parameter is also
called sky-exposure. The planar SVF can give a more radiation-wise approach when
spheric one introduces a more geometric approach. The geometric information can be a
solid basis for high accuracy estimations of micrometeorological and biometeorological
parameters. Thus, the following analysis refers only to the SVF spheric, as it is used more
in biometorological studies. In this point, we have to mention that spheric and planar
SVF calculations are based on the fundamental definition of Watson and Johnson (1987).

The modelling of the continuous SVF in each point of a specific area requires a high
resolution digital elevation model (DEM) or other urban morphological data including the
manmade infrastructure. There are different techniques that estimate the continuous SVF,
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such as an extension to ArcView GIS (Souza, Rodrigues, and Mendes 2003; Gal, Lindberg,
and Unger 2009), the Solweig model (Lindberg, Thorsson, and Holmer 2008) and the
SkyHelios model (Matzarakis and Matuschek 2011) (see more details in Section 2).

The last few years quite a few techniques have been developed aiming to produce a
fine and accurate representation of the earth’s surface including any manmade infra-
structure above it. The main objective was to translate the morphology in digital format
with the least loss of detail. Therefore, different kinds of equipment were used in order
to achieve satisfying results. Initially classic photogrammetric techniques were used for
the interpretation of aerial photographs. The results were quite satisfactory but the
achieved resolution as well as the accuracy was rather insufficient for high detail
projects. A different perspective for accomplishing the goal of producing a higher
resolution surface model was given by airborne laser scanning (lidar). The lidar technol-
ogy equipment uses the laser light to measure the distance between the laser scanner
and the illuminated object and the measurement is independent of external illumination
by sunlight (Gallay 2012). This technique is currently replacing the classic photogram-
metry in creating DEMs as it is proved to be more detailed and accurate method. One of
the major advantages of lidar data interpretation refers to the ability of reconstructing
the land surface by ‘removing’ the vegetation canopy and consequently producing more
accurate DEMs even in densely forested areas (Kraus and Pfeifer 1998).

The advancing technology in computer science and digital image analysis and inter-
pretation have led to the development of a novel photogrammetric approach called
structure-from-motion (SfM), which offers a fully automated methodology capable of
producing high resolution DEMs with low cost equipment (Fonstad et al. 2013; Javernick,
Brasington, and Caruso 2014). The generated high-resolution topography and the co-
registered final ortho-image is produced by an unstructured set of overlapping photo-
graphs taken from varying viewpoints, by remotely piloted airborne systems (RPASs), also
known as drones or unmanned aerial vehicles (UAVs). Furthermore, the flexibility, compara-
tive low cost and ease of UAVs deployment overcomes many of the limitations of the
temporal ‘snapshot’ provided by manned aircraft. Besides UAVs could be used to construct
atmospheric profiles against traditional high cost infrastructure such as balloons, radio-
sondes and tall towers (Dumas and Baker 2016). This technique decreases significant cost,
time, and logistical limitations of lidar technique and other topographic surveying methods
(Johnson et al. 2014). The development and wide usage of the UAVs not only gives a push to
techniques, such as the ‘SfM’ but provides new promises with respect to atmospheric
research. UAVs can be used in measuring profiles of the air temperature and humidity in
the lowest levels of Earth’s atmosphere, remote scale of small-scale surface features,
performing storm damage assessment, measuring wind and turbulence in the lowest
level of the boundary level. Furthermore, they are ideal to map the thermal land surface
temperature with infrared cameras linking the dynamics of a developing boundary layer to
observed changes in the heat and water fluxes at the land surface. The production of a fine
detailed DEM which includes the human intervention on the earth topography is a sig-
nificant requirement for the completion of the methodology discussed in this study. The
goal of this study is to demonstrate a methodology based on high resolution colour images
acquired by low cost RPAS, in order to construct a high-resolution DEM, which is identical for
the modelling of the continuous SVF for each point of the examined complex area,
contributing in biometeorological studies in micro urban environments.
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2. Data and methodology

The study area concerns the complex building environment along with the open areas
of the Departments of Physics and Mathematics within the campus of National and
Kapodistrian University of Athens (NKUA). The NKUA is the largest state institution of
higher education in Greece and one of the largest universities in Europe, located near
the centre of Athens and extends over 1300 acres (Figure 1).

Athens is the capital of Greece and is located in central Greece and has an estimated
population of over 664,046 in the city (39 km?), or 3,090,508 in the metropolitan area (412
km?) according to 2011 census. According to Képpen climate classification, Athens has been
classified as Csa (Interior Mediterranean, mild with dry and hot summer). On local scale, the
Mediterranean climatic conditions are modified by urban structures and urban morpholo-
gical data sets, which have to be taken into account for estimating the thermal ambient
conditions. More specifically, these conditions are influenced by the radiation fluxes and
thus the radiation budget, which in turns depend on the SVF at the observed location.

The well-known way of assessing the SVF in a single point of the examined area is
capturing an 180 fisheye image of the surrounding area by using a camera with the
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Figure 1. Location map of the study area (yellow square) regarding the urban metropolitan Athens
city (a). Quickbird satellite image of the campus of National and Kapodistrian University of Athens
(b) on which the inset red rectangle outlines the studied building complex.
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fisheye lens looking up to the sky, on a tripod at 1.1m height, where the gravity centre
of the human body in Europe is considered (Mayer and Hoppe 1987; Nastos and
Polychroni, 2016). In this study, fisheye images have been captured using Sigma
4.5mm /2.8 EX DC HSM circular fisheye lens attached to a digital camera body (Canon
600D) facing upwards. Fisheye lens has an angle of view of 180° in all directions,
producing a perfectly circular image within the frame.

The SVF of an individual location is produced using the RayMan model (Matzarakis,
Rutz, and Mayer 2010), which is developed to calculate short wave and long wave
radiation fluxes affecting the human body. The model considers complex building
structures and is suitable for the analysis of the effect of various planning scenarios in
different micro to regional scales. The procedure of SVF estimation set out as follows:
The captured fisheye image is loaded into the ‘Edit free sky view factor’-tool of the
RayMan model. After that, the obstacles are digitized on screen and then the tool counts
the sky pixels and relates them to the overall number of pixels in the image. Finally, a
fisheye image is produced which can also be used for deriving the sky view factor of the
scenery modelled in the obstacle file.

However, if the continuous SVF of a whole area is the case, then SkyHelios model is
used to calculate the SVF for a whole area. SkyHelios has been implemented in C#
utilizing the 3D Graphics Library Mogre (MOGRE 2009). This implies that SkyHelios” main
algorithms consist of creating a 3D-scene from raster or vector data, providing this scene
to the graphics engine and then instructing the graphics engine how to perform
meteorological/climatological modelling based on the scene. The graphics engine in
turn will make the graphics processor (GPU) perform the requested modelling (see
Matzarakis and Matuschek 2011, for a descriptive detail of SkyHelios). In SkyHelios,
spatial information layers such as high resolution DEM of the studied area, can be
loaded and by utilizing the computer’s video card, fisheye images are produced for
each point throughout the studied area. The sky view factor at each point can be easily
calculated from the produced fisheye image by dividing the area of the image that is not
covered by obstacles by the total image area. The result is a set of equally distributed
points with an SVF-value generated for each point.

In this point, it is worth to note that the modelling of continuous SVF depends on the
existence and on the accuracy of digital models of the urban structures of the area. The
extremely high cost of acquiring lidar data in addition to the relatively lower spatial
resolution comparing to SfM elevation data, as well as the dense building complex of
the study area, led us to include the latter into the proposed methodology. A rotor-wing
Remotely Piloted Airborne System (DJI Phantom 4 drone) was implemented during the
field survey in order to collect high resolution natural colour images with its built-in
camera bundled on a two-axis gimbal (see Table 1 for information). The platform is
equipped with a GPS antenna which provides quite good precision for the horizontal
and acceptable precision for the vertical axis which is also used for the alignment
processing of the images captured during the survey (Fonstad et al. 2013).

The reliability of the modelled SVFs by applying SkyHelios model against observed
SVFs by using fisheye photographs (edited in RayMan model), is examined by utilizing
the following statistical metrics: mean absolute error (MAE), mean bias error (MBE), root
mean square error (RMSE), coefficient of determination (R?), and index of agreement (IA)
(Willmott 1982; Willmott et al. 1985; Comrie 1997; Walker et al. 1999; Kolehmainen et al.
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Table 1. Main properties of the UAV survey and resulted datasets.

Attribute Value

UAV platform DJI Phantom 4

Sensor FC3300 (focal length 3.61 mm)
Survey relative altitude (m) 90

Photo endlap (%) 90

Photo sidelap (%) 90

Total images 148

Image resolution 0.002 m

DEM resolution 0.09 m
Ortho-mosaic resolution 0.04 m

2001). A brief description of the statistical indices used in the quantitative analysis is
presented in the following.

MAE is used to measure how modelled values are close to observed ones, and is
given by formula (1):

1 n
MAE:EZ|M,-70,<|. (1)
i=1

MBE is used to describe whether a model under (negative value) or over (positive
value) estimates the observation, and is given by formula (2):

n

MBE = 1Z(/\/l, —0), )

i=1

where n is the number of the data points, M; and O; represent modelled and observed
values, respectively.

RMSE is a commonly used measure of the differences between the modelled and the
observed values. The smaller the RMSE is the closer to the observations are the modelled
values. RMSE is calculated according to formula (3):

1

(&, a2
RMSE-(nZ(M, o,)). 3)

i=1

R?, which is a number between 0 and +1, measures the degree of association
between two variables; in our case, the observed (O;) and the modelled data (M;). The
coefficient of determination is computed according to formula (4):

3 (05 — M)

where Ojnean represents the average of the observed values.

IA is a relative measure of error, and is calculated according to formula (5). This is a
dimensionless measure that is limited within the range 0-1. IA equal to 0 (1) means no
agreement (perfect agreement) between modelled and observed data.
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> (M;—0y)?
A=1-— ! : (5)
(|MI - Oimean| + |OI - Oimean|)2

M=

M=

i=1

3. Results and discussion

In our study, two surveys were conducted for covering a total area of 2 km? around a
complex building area at the NKUA campus. Each survey was scheduled at a flight elevation
of 90 m above the take off point (located at the top of a 10 m high building) and lasted
approximately 20 min. The applied procedure can be divided into three individual stages
(Figure 2). Initially an image acquisition survey has to be designed, aiming to cover the study
area with high resolution, overlapping, natural colour photographs. In order to obtain a
satisfying overlap (70-90%) during the image acquisition, the flight height and the density
of the images had to be taken under consideration, not to forget the battery usage
limitations (see earlier). The percentage of overlapping is quite crucial as it had to be high
enough for a successive interpretation and DEM construction without any artefacts, at a
later stage. In such way, every single point is captured at least at two images from different
angles and this satisfies the conditions for a successful completion of the DEM construction.
Otherwise, points with false coordinates are displayed and also participate in the model
solution, which produces errors in the final result. Additionally, topographic survey with

Flight design

RPAS image acquisition

control points with RTK-GPS

Field work

Fisheye image capturing

Image data processing

\ 4

RayMan model SkyHelios model
single point sky view factor continuous sky view factor
calculation calculation
Validation

Figure 2. Flowchart of the processing steps followed for the calculation of the continuous SVF.
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high precision equipment (real time kinematics GPS) was conducted for measuring 12
ground control points at locations of various elevations. These measurements were
included in the model solution processing, for increasing the accuracy of the methodology
(less than 1 cm), especially along the elevation axis.

The next stage consists of the main procedure of the image processing and inter-
pretation, which can be described in a few steps. A total of 148 images (4000 x 3000
pixels each) was acquired with 90% overlapping and after aligning them a sparse 3D
point cloud representing the most prominent features in the images was produced
(Figure 3). Image processing followed the recommended procedure outlined by Agisoft
(2016) which was slightly modified for reducing geometry errors and constructing a
dense point cloud. The latter consisted of more than 30 million points covering the
entire building complex and the surrounding area. The information for each point of
them includes values of reflectance at the visible (BGR) spectra along with x, y, z
coordinates, which were calculated after taking into account the positions of the camera
when shooting at each point from different angles as well as the 12 measured control
points (Westoby et al. 2012).

The procedure continued with meshing the original images as fine topographic
details were available and the ultra-high resolution DEM can then be exported into
various formats (Figure 4). Texturing was also applied to the resulted mesh in a next step
and an ortho-image was generated for reference and comparative reasons. The combi-
nation of both the above products led to the three-dimensional representation of the
studied building complex (Figure 5). It is worth to mention that the whole procedure of
the computation was time and resource consuming and required the availability of large
amount of RAM free (Mancini et al. 2013).

The final stage of the applied technique was based on the constructed DEM, which
was downscaled to 0.5 m spatial resolution (Figure 4) and used as an input for the
calculation of SVF at each pixel.

Figure 3. A sparse point cloud (only 1% of the total extracted points are displayed) of the University
campus buildings is shown. The point cloud was extracted by using 148 overlapping images the
location of which is also presented.
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Figure 4. The shaded relief of the building complex at the study area is colour scaled by the use of
the high resolution DEM which was one of the main products of the image interpretation procedure.
Note that the colour scale is stretched between no more than 40 m. Numbers indicate the locations
where fisheye images were captured to validate the modelled SVF.

Figure 5. The combination of the high resolution elevation data and the ortho-image led to the
construction of the high detail 3D model of the complex building area in the campus of National
and Kapodistrian University of Athens.

Based on the constructed high resolution DEM, the continuous SVF over the exam-
ined complex building area of the NKUA campus was estimated by using SkyHelios
model (Figure 6). The SVF in building and green atriums ranges between 0.31 and 0.49
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Figure 6. Spatial continuous SVF over the examined complex building area in the campus of
National and Kapodistrian University of Athens.

and in some cases drops in the lower class (0.05-031). There are more open spaces with
moderate SVF (0.49-0.64) against high SVF (0.64-0.78). The highest SVF appears
obviously on the roofs of the buildings. In this point, it is worthy to note that the
planting of trees (mainly pines) covering large area of NKUA campus, contributes in low
SVF at green atriums, and thus in weakening of the incoming solar radiation, resulting in
this way to comfortable thermal conditions especially within the summer months. The
shading of trees and obstacles attenuate the incoming radiation, influencing in that way
the human biometeorological conditions in outdoor spaces (Lin, Matzarakis, and Hwang
2010). Another issue is the orientation of the buildings in shading or not adjacent areas;
meaning, either block (east-west orientation; e.g. locations 4 and 15 in Figure 4, with
SVF of 0.290 and 0.0.305, respectively) or admit (north-south orientation; locations10 and
17 in Figure 4, with SVF of 0.601 and 0.624, respectively) the incoming solar radiation to
reach the ground. Oke (1988) suggested for mid-latitude cities with no overheating
problems the acceptable range of height-to-width (H:W) ratio of the urban structure
canyons would be 0.4-0.6, which corresponds to a range of SVF of 0.78-0.64.

To validate our findings by utilizing SkyHelios modelling, Figure 7 depicts SVF images
acquired from fisheye images (true colours; edited by RayMan model) against the
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Figure 7. SVF acquired from fisheye images (true colour) against SVF from SkyHelios model using the
ultra-high resolution DEM (black and white images), for 30 specific locations within the study area.

respective ones from SkyHelios model using the ultra-high resolution DEM (black and
white images), for 30 specific locations (including building and green atriums, and open
sky places) over the studied area (Figure 4). We performed quantitative analysis by
calculating statistic metrics such as MAE, MBE, RMSE, R, and IA, in order to verify our
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Figure 8. Scatter plot of modelled SVF by Sky Helios against observed SVF by fisheye images, along
with the linear regression line (blue line) and the ideal line (red line).

findings. The small values of MAE (—0.032), BAE (0.033), and RMSE (0.039) indicate that
the modelled SVFs are close to the observed SVFs. Further R? (0.977) confirms the high
agreement between the examined SVF datasets, statistically significant at 0.01 level.
Similarly, the index IA (0.974) confirms that the modelled SVF values are very reliable,
which encourages the applied methodology to urban environmental research.

The scatter plot between the examined SVF pairs from the 30 specific locations, along
with the linear regression fitting (SVFyo4el = 0.894 SVFggneye + 0.023) and the ideal line
(SVFmodel = SVFssheye) are depicted in Figure 8. The modelled SVF underestimates a little the
observed SVF (MAE: —0.032), as the SVF values increases from green (site 26; SVF = 0.276)
and building (site 8; SVF = 0.381) atriums towards open sky spaces (site 29; SVF = 0.745).

Although SVF is considered well correlated with surface temperature pattern at local
scale (Barring, Mattsson, and Lindqvist 1985; Eliasson 1996), little evidence shows strong
relationship between SVF and air temperature, due to complicated factors that modify air
temperature variations. For a holistic assessment of the thermal comfort conditions in
outdoor urban spaces other factors, apart from environmental configuration’s characteris-
tics and meteorological parameters, such as shading (Donovan and Butry 2009; Emmanuel,
Rosenlund, and Johansson 2007; Hwang, Lin, and Matzarakis 2011; Nastos and Polychroni,
2016), and the existence of vegetation (Gomez, Gil, and Jabaloyes 2004; Potchter, Cohen,
and Bitan 2006; Yu and Hien 2006) must be considered. Further, social customs (Heschong
1979) and the complexity of relation between human perception and thermal comfort in
urban spaces (Nikolopoulou, Baker, and Steemers 2001) should be addressed.

4. Conclusions

In this study, a novel remote sensing approach was considered for establishing a new
methodology to assess the continuous SVF for a complex building environment by using
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the SfM technique, based on the interpretation of ultra-high resolution colour images
acquired by UAVs. The accurate assessment of the continuous SVF over an urban
complex area, is of utmost importance to quantify human thermal indices such as
physiologically equivalent temperature (PET), universal thermal climate index (UTCI),
and perceived temperature (PT), which are based on human energy balance.

The quantitative analysis, based on statistical metrics such as MAE, MBE, RMSE, R?,
and IA, showed that the modelled SVF values are very reliable (statistically significant at
p = 0.01 level) against observed SVF calculated from fisheye images captured at 30
specific locations of the NKUA campus. Further, the building and green atriums within
NKUA campus, presenting small SVF values, could mitigate the heat stress in summer
period. This is very encouraging for people to use these open spaces with comfortable
environmental conditions.
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