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Abstract

This paper presents a thermographic analysis of a street junction within an urban road network, focusing on identifying
thermal load sources generated by vehicle traffic—an increasingly significant environmental concern for urban
populations. The study explores the application of thermographic methods at urban intersections and the creation of thermal
maps. These approaches support the advancement of intelligent transport systems, aligning with smart city initiatives aimed
at optimizing traffic flow management. Additionally, the findings provide potential for assessing the conditions of both
road transport infrastructure and vehicles. By adopting this comprehensive perspective for monitoring urban environments
and transportation systems, cities can enhance overall quality of life and public well-being. The results emphasize the value
of conducting broad-scope studies, suggesting that combining ground-based and aerial thermal imaging leads to more
informed decision-making.

Keywords: Monitoring of the Urban Environment; Temperature Load; Thermographic Survey and Research; Thermal Imaging; Transport
System Management.

1. Introduction

An increasing amount of street traffic and the related issues necessitate innovative approaches and tools to examine
key factors and patterns, ensure proper and safe road traffic management, and reduce its environmental and social
impacts. Research and analysis of thermal methods applied to crossroads as components of urban networks, vehicles,
transport infrastructure, and intelligent management are still in the early stages of development. The interest in such
research is driven by the need to ascertain, diagnose, and control the condition of road infrastructure based on the thermal
load resulting from road traffic:

o State of the Art in Describing Parameters of Road Transport Infrastructure Based on Its Thermal Load from Road
Traffic;

e An increase in temperature load in urban environments due to vehicle traffic, which poses a serious environmental
and thermal threat to the population in cities, especially during the summer season, considering global warming
over the last few decades;
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o Assessing the condition of vehicles based on the heat energy released while waiting at and passing through
intersections, as well as enabling the potential detection of traffic accidents that have occurred. This leads to
enhanced traffic safety levels and better organization and control of road traffic.

The thermography may only be used to detect (localize) irregularities caused by both the load of road vehicles on
the road surface and the temperature load during the hottest days of summer when employing unmanned aerial vehicles
and aerial photography. This approach is highly suitable for this type of research in the city's busy street network.

The study confirms the potential for examining the thermal load of both road infrastructure and the heat emitted by
vehicles using an unmanned aerial vehicle equipped with a thermal camera. Therefore, the study will evaluate the entire
system of infrastructure and vehicles to recommend measures for reducing thermal load on both road surfaces (including
materials) and the urban environment, as well as for pedestrians in urban areas. This analysis will clarify the elements
of the city's street network, such as traffic lights, road types, lane numbers, lawns, buildings, and more, that require
specific measures. No similar studies or analyses have been conducted in Bulgaria, or at least this has not come to the
authors' attention at the time of writing this article. This fact, in itself, inspired our study.

2. Materials and Literature Review

Heat stress stands as one of the typical harmful and dangerous emissions to which we are continually exposed.
Regular and prolonged exposure to increased heat loads brings in place diverse forms of adverse health outcomes. Heat
stress stands as one of the typical harmful and dangerous emissions to which we are continually exposed. Regular and
prolonged exposure to increased heat loads brings in place diverse forms of adverse health outcomes. The number of
people exposed to extreme heat is reported to be on an exponential rise as indicated by climate change phenomena across
all regions of the world, according to [1].

Between the periods 2000-2004 and 2017-2021, heat-related mortality among individuals aged 65 and over
increased by approximately 85%. Research indicates that from 2000 to 2019, there were an estimated 489,000 heat-
related deaths annually, with Asia accounting for 45% and Europe for 36% of these fatalities [2]. Notably, the summer
of 2022 alone witnessed 61,672 excess heat-related deaths in Europe, underscoring the growing public health impact of
extreme temperatures. High-intensity heat waves may lead to significant acute mortality, as evidenced by the 70,000
deaths recorded from June to August 2003 in Europe. In the Russian Federation, over 56,000 deaths occurred during a
44-day heat wave in 2010 [3]. Individual vulnerability to heat due to physiological or clinical factors in adults is well
documented. The vulnerability of adults to heat has been thoroughly characterized by both physiological and clinical
factors [4]. Limited research exists on the effects of chronic (long-term) exposure to high temperatures and humidity.
Another area that requires research and analysis is the heat load from traffic on the urban street network, particularly
concerning the so-called heat islands in developed cities.

Road infrastructure is essential for the socioeconomic development of any country, providing passenger and goods
services while facilitating the construction, maintenance, and repair of this infrastructure. The rapid growth of global
travel connections, combined with the increasing frequency of vehicle use in cities, leads to a significant rise in heat
emissions, which is linked to the condition of the vehicles and their equipment.

A review of existing research in this complex field reveals that many studies tend to focus in depth on only one or a
limited number of the key directions necessary for addressing the broader challenges. Overall, the research in this domain
can be categorized into two main areas: state-oriented efforts, which encompass both the construction and operational
aspects of urban infrastructure, and scientific research, which aims to develop new methods, technologies, and analytical
frameworks to support effective monitoring and management.

Studies are primarily funded and supported by state institutions. These studies often focus on the development and
execution of road infrastructure, especially the quality of implementation carried out by relevant state bodies. Because
information from these studies is either partially available or unofficially published, the collected content tends to be
fragmentary and vague, with limited data to substantiate it, primarily intended for internal use [5, 6]. Another segment
of such studies is conducted by the road owner or infrastructure concessionaire (lessee). Since these studies take place
within the infrastructure’s operation, the information gathered is primarily for the road owner and is only partially shared
with the public, typically through media outlets [7]. The research in this field mainly concerns the state of road
infrastructure, and for the region of the Republic of Bulgaria, strategies and visions for development are often discussed
without actionable results. Notably, some studies concentrate on the costs of infrastructure and their correlation with
unemployment [8] and the impact of climatic conditions on road infrastructure [9-12]. A substantial amount of research
has addressed the management of risks and vulnerabilities in the road transport network. Other researchers have explored
issues and perceptions— as well as comfort— related to the state of road transport infrastructure. Additionally, research
exists regarding how the state of road transport infrastructure affects the movement of goods and freight in terms of
economic indicators, observed at both national and regional levels, particularly in urban environments. A specific area
with designated connectivity directly relates to the road network’s condition. This is evident in the easier access to routes
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that facilitate shorter travel times to reach destinations [13-16]. Furthermore, there is a substantial number of studies
examining the impact of transport and related activities on air pollution, which affects the health of urban residents [17].
Many studies evaluate the health risks associated with transportation- related pollution and the policies and strategies
designed to mitigate these risks in urban settings [18, 19]. However, a significant portion of these studies has primarily
focused on road safety and measures to decrease road traffic accidents [20]. These measurements are often implemented
by researchers, government departments and ministries, and medical and paramedical assistance following road
accidents [21, 22], as well as collaboratively between institutions and researchers from various fields [23, 24].

Another group of researchers focused their study on materials used in the production and mixing of asphalt mixtures
and ways to improve their quality. They examined the factors that influence the efficiency of asphalt concrete pavements
against climate-induced deformation. Since asphalt road surfaces are directly exposed to atmospheric conditions, the
characteristics of asphalt concrete pavements depend on the behavior of bitumen. Bitumen is a complex material that
demonstrates different behaviors depending on its temperature. At high temperatures, it acts like a liquid; at intermediate
temperatures, it can be considered a viscoelastic material; and at low temperatures, it may be regarded as a viscoelastic
solid [25-28].

The challenges of climate change, alongside the general trend of rising temperatures worldwide, will inevitably
impact the service life of pavements, as noted in most reports [29]. This study on climate change for US conditions
indicated that fatigue is expected to increase by 2-9% and rutting by 9-40% by the end of 20 years [30]. Other authors
have examined deformations and distortions of tracks, which are the most frequently observed initial distresses in asphalt
pavements [31]. Additionally, infrared thermography is used to assess damages in concrete and asphalt pavements, such
as debonding, delamination, and voids, etc. [32-34]. A recent study has demonstrated that infrared thermography can
detect debonding defects when there is a temperature difference of over 0.5 °C at the bonded area and that damage does
not extend deeper than 50 mm [35]. Several researchers have concentrated on discovering new methods for mixing,
curing, and utilizing various additives in asphalt mixtures to enhance quality, durability, and temperature resistance of
asphalt mixtures used as road surfaces.

The study work using IR thermography focuses both on the surface of the pavement itself during the concerned
operation and on transportation from the asphalt bases with vehicles [37-39], whether suitable or not. It also examines
the laying of the pavements themselves to achieve uniform cooling, which depends on the quality and durability of the
laid pavement [40, 41].

To enhance the quality and longevity of road surfaces, some authors propose using temperature measurement through
infrared thermography and machine intelligence for effective transportation and laying methods [42, 43]. The majority
of studies focus on bridges, concrete structures, and bridge facilities, utilizing both ground surveys and aerial
assessments [44-47]. Other researchers advocate for the application of ground-based photography and aerial drones
equipped with thermal cameras for similar investigations, indicating comparable reliability in thermal research [48-51].

Research on global warming, specifically regarding the increased temperature load in urban environments, has
utilized infrared thermography over the past few decades. This research examined pavements, buildings, and materials
used in urban infrastructure through the lens of creating a livable environment and heat absorption. In Yamazaki et al.
[52], the authors conducted their urban heat island (UHI) study in Tokyo, Japan, using thermal images. Their results
indicated that the surface temperatures of asphalt roads were significantly higher than those of any other type of
pavement. The study also found that areas with roadside trees and plants, devoid of buildings, were cooler than those
with pavement or building walls. The greening of urban rooftops as part of smart city initiatives has been researched for
its mitigation effects using aerial thermal cameras (via helicopter). The influence of wetlands and grassy areas on the
effects of rising temperatures in urban settings has also been thoroughly investigated and confirmed [53-56].
Additionally, the effects of urban heat islands—specifically CO, emissions from these islands and the climatic impacts
of rising air temperatures in cities on residential areas- are well-studied issues as well [57].

From the perspective of using infrared thermography to assess the technical condition of road vehicles based on heat
energy emissions during their time at crossroads and while passing through, it is not easily traceable if this trend is
considered regarding the research experiences in this field. The general research diverges from merely precise
temperature measurements at the workplace, encompassing both driver behavior and working conditions, as well as
driver temperature and perception. A method for measuring temperature on the windshield area of an automobile has
been developed and further modified according to European de-fogging standards (CEE 78/317) to enhance the driver's
thermal comfort and driving control. Likewise, many studies utilize IRT (Infrared Thermography) as presented in this
study, but specifically for diagnosing and determining the technical condition of individual components, aggregates, or
groups of elements, primarily concerning the condition of the vehicle’s interior or under bench conditions [58, 59]. Other
studies on IRT focus on vehicle detection in low visibility conditions, like night time, and other compromised video
surveillance settings to monitor traffic flows on streets, as well as to detect and recognize various electric and
conventional vehicle categories using thermal video cameras [60, 61]. Furthermore, several approaches have been
combined for vehicle research and detection within traffic monitoring. Some studies also examine the use of IRT for
driving autonomous vehicles and identifying hazardous situations related to traffic accidents and object movements,
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particularly under low visibility conditions such as fog and snow, as well as at night [62-64]. Authors in previous studies
propose road patrolling via Unmanned Aerial Vehicles with IRT as a strategy to reduce road fatalities by detecting traffic
accidents [65, 66].

From the analysis, it is clear that many authors conduct in-depth research and analysis on only one or a few of the
topic areas that the current team intends to explore. This is a multi-faceted and complex task that requires fostering
teamwork while drawing on knowledge and skills from various fields. The researchers who contributed to the
development of the study have accumulated years of experience relevant to the study's objectives, which are:

To study the effects of road traffic at a crowded road intersection in Sofia, Bulgaria, using aerial photographs taken
with a drone equipped with both thermal and standard cameras. From these aerial images, photogrammetry software
will be utilized to create a heat map of the intersection and the buildings in the surrounding area, to:

o Monitor how automobile traffic impacts the condition of buildings and the quality of road transport structures.
o Determine if it is possible to assess the technical state of passing vehicles from thermal images.

o Measure the temperature impact of vehicular traffic on the well-being of residents and visitors to the town.

o Consider the overall thermal condition of nearby structures that fall within the intersection’s area.

With increased emphasis on traffic and infrastructural issues and the impact of vehicular traffic in large cities, there
is growing interest in thermal remote sensing applications within urban environments. In the research described, infrared
thermography was employed as a relatively new yet highly effective and versatile tool for non-destructive control and
diagnostics. It enables the identification of specific problems before they jeopardize road traffic safety or result in
material damage and financial losses. The results of infrared thermography can provide a qualitative assessment of the
technical condition of road infrastructure and vehicles; this information lays the groundwork for implementing effective
programs for preliminary monitoring and maintenance of both the infrastructure and the vehicles, as well as monitoring
and controlling the total temperature load of the examined road transport node (intersection or road section).

3. Methods and Results

The aerial photography to gather information about thermal load in the street network is likely to succeed. The main
advantage of using UAVs (Unmanned Aerial Vehicles) is that the photography occurs from the air, eliminating the need
to stop traffic, as would be required with ground photography of the pavement. The rapid advancement of the technology
and equipment for unmanned aerial vehicles enhances the ability to determine the thermal characteristics of drones, as
these devices are already commonly equipped with thermal cameras.

For this study, the DJI Mavic 2 Enterprise Advanced [67] was chosen as the aerial thermographic platform. This
professional unmanned aerial vehicle (UAV) combines a high-resolution visual (RGB) camera and a radiometric thermal
imaging sensor, facilitating detailed thermal data collection from various altitudes. The technical specifications of the
onboard thermal camera are outlined in Table 1, alongside a description of the monitored location—a large, high-traffic
intersection in Sofia, Republic of Bulgaria.

Table 1. Technical characteristics of the used UAVs

Sensor Uncooled VOx Microbolometer
Focal Length Approx. 9 mm (35 mm Format Equivalent: Approx. 38 mm)
Sensor Resolution 640 x 512 @ 30 Hz
Accuracy of Thermal Temperature Measurement: £2°C or 2%, Whichever is Greater
Scene Range -20°C to 150°C (High Gain) -20°C to 450°C (Low Gain)
Digital Zoom 16X
Pixel Pitch 12 ym
Spectral Band 8—14 um
Photo Format R-JPEG
Video Format MP4
Metering Method Spot Meter, Area Measurement
FFC (Flat Field Correction) Auto / Manual

Although not included in the analysis, preliminary ground-based checks were conducted using a FLIR E40 handheld
thermal camera to validate the general thermal behavior of the environment. While the FLIR E40 offers excellent point-
specific thermal resolution for close-range inspections, the Mavic 2 Enterprise Advanced provides a significant
advantage in spatial coverage and operational flexibility, making it ideal for capturing thermal dynamics across broader
urban areas from above.
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The object of the research is the intersection of GM Dimitrov Blvd. and Kliment Ohridski Blvd. in the city of Sofia,
Republic of Bulgaria, with geographic coordinates 42°39'48.0"N 23°21'27.0"E according to Figure 1. The purpose of
the research is by using the selected UAV to capture consecutive video images of the intersection, their subsequent
processing with several digital photogrammetry and thermography software to determine the exact geometric and
temperature characteristics of the infrastructure, the intersection itself and the captured vehicles. The choice of an
intersection for conducting the study is complemented by the location of the intersection under consideration and its role
in conducting traffic in the street network of the city of Sofia. It is a basic intersection in terms of its traffic load, which
shows intensity values for each of the traffic flows that pass through it in the range between 500 and 800 vehicles per
hour during peak periods of the day. The choice of the intersection is also complemented by the proven high density
[68] of the traffic flows and measured values of the accelerations of the departing vehicles [69]. The intersection is light-
regulated with the passage of traffic in four phases, where each branch is passed in a separate phase. These circumstances
have their impact on the overall thermal impact, which confirms the choice of the studied intersection.

The effectiveness of thermal mapping heavily depends on the clarity, consistency, and lighting conditions during
image acquisition. When utilizing UAVs for aerial thermographic surveys, optimal image quality is typically achieved
around midday, when the sun is at or near its zenith. During this time, vertical solar illumination minimizes the presence
of long shadows, which can obscure surface features and distort thermal readings.

In line with these considerations, the thermographic survey of the selected urban intersection is conducted between
12:10 and 12:30 local time on February 23, 2023. This time frame ensured consistent lighting and minimal shadow
interference. Although the specific date was chosen at random, the flight represents part of a series of initial exploratory
studies intended to inform a more comprehensive, long-term research effort focused on thermal monitoring of urban
road infrastructure and vehicle activity using UAV-mounted sensors.

The environmental conditions during the flight were as follows: mostly cloudy skies, ambient temperature of 14°C
(with a perceived temperature of 13°C), east-northeast wind at 6 km/h, relative humidity at 48%, atmospheric pressure
of 1015 hPa, and visibility extending up to 30 km. These moderate weather conditions provided a stable environment
for UAV operation and contributed to the reliability of the thermal data collected.

Figure 1. Image of the surveyed intersection and UAV flight plan

The perimeter of the studied area is determined by entering precise benchmarks (coordinates), alongside the desired
flight height, shooting trajectory, shooting angle, and the required minimum number of photos for the area of interest.
In terms of aerial photography in this study, the choice of flight altitudes is critical. The lower the drone flies, the more
detailed the captured images are. Given that the work is conducted in an urban environment, the obstacles during the
drone’s flight path are a primary consideration for reducing the likelihood of accidents. The process for intersecting the
study area begins at 20 meters above ground level, progressively increasing to 25 meters, then to 50 meters, followed
by 75 meters, and ultimately reaching 100 meters. This specification is dictated by the thermal camera used, accounting
for the obstructions in the study area. As a result, five drone flights are conducted over the area under investigation. At
each flight altitude, as illustrated in the Figure 2, the flight plans encompass all altitudes, alongside the sequence and
number of images, the required overlap between successive images, the total photographing area, and the resolution of
the processed images, represented as the number of centimeters per pixel. The camera settings remain in automatic mode
during capturing. Within this urban study area, the following features can be observed: an intersection regulated by
traffic lights, pedestrian pathways, a subway stop, underpasses to the stop, sidewalk spaces, and green areas with several
trees, as well as a gas station located on the east-west side of the intersection. Two identical images are captured during
the imaging process— normal and thermal images. After the flights and capturing, photogrammetry software processes
the images to create a 3D thermal map of the intersection as shown at Figure 2.
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Figure 2. Thermal map of the intersection
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The information needed to compose this thermo-photogrammetric map is detailed in Table 2.

Table 2. Details regarding the data utilized by the photogrammetric software

Photogrammetry Engine

DroneDeploy Proprietary

Date of Capture

Date Processed

Image Sensors
Average GPS Trust

Flight Altitude

GSD Orthomosaic cm/px
(GSD DEM cm/px)

Area Bounds (m?)

Images Uploaded

Camera Optimization

Image Resolution

Orthomosaic Coverage
(% of area of interest)

Average Orthomosaic Image
Density within Structured Area

Aligned Cameras

RMSE of Camera GPS
Location (m)

Nadir Images
Oblique Images
Horizontal Images
Total Points (thousand)
Point Cloud Density (points/m?)
Mesh Triangles (thousand)

DEM GSD (cm/px)

20
1.32 (45.8)
135848.48 (47.9%)
197 (100%)

Principal Point Varied
from reference value
by 12.34%

47.71

197/197

X:0.19,Y:0.24, Z:
0.27 RMSE 0.24

Feb 23, 2023

May 02, 2023

DJI — MAVIC 3 Enterprise — Advanced

25
1.65 (+6.50)

152008.69 (52.3%)
154 (100%)
Principal Point Varied from
reference value by 10.15%

Focal Length Varied from
reference value by 9.03%

52.38

154/154

X:0.16, Y: 0.17,2: 0.23
RMSE 0.19

10.00 m

50
3.10 (3.22)

109353.06 (75.4%)
193 (100%)
Principal Point Varied from
reference value by 5.10%

Focal Length Varied from
reference value by 17.39%

640 x 512 (~0.33 MP)

75.40

5 images/pixel

49/49

X:0.53,Y:0.43,2:0.33
RMSE 0.43

75
4.96 (+0.95)

177585.08 (82.0%)
130 (100%)
Principal Point Varied from
reference value by 5.91%

Focal Length Varied from
reference value by 5.89%

82.04

30/30

X:0.52,Y:0.50, Z:0.22
RMSE 0.44

100
6.34 (£3.25)
250720.98 (84.0%)
26 (100%)

Focal Length Varied
from reference value
by 15.75%

84.09

26/26

X:043,Y:042, Z:
0.34 RMSE 0.40

100% Include oblique or horizontal images to improve reconstructions of man-made structures

0%

0%

757.7

116.91

168.7

5.28

0%

0%

689.3

86.58

139.7

6.50

0%

0%

464.8

41.00

49.6

13.22

0%

0%

317.3

21.75

31.3

19.85

0%

0%

282.1

13.38

25.36
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Table 2 summarizes key parameters and outcomes from the photogrammetric processing of thermal imagery
captured by the DJI Mavic 2 Enterprise Advanced UAV at five different flight altitudes (20 m, 25 m, 50 m, 75 m, and
100 m). These parameters are critical for understanding both the quality of the 3D reconstruction and the practical
limitations of UAV-based thermal mapping in urban environments.

One of the most evident trends is the relationship between flight altitude and image coverage. As the altitude
increases, the ground sampling distance (GSD) also rises—from 1.32 cm/pixel at 20 m to 6.34 cm/pixel at 100 m. This
leads to lower spatial resolution at higher altitudes, but it enables the UAV to capture larger areas with fewer images.
For instance, at 20 meters, 197 images were captured to cover approximately 13,584.98 m2 (47% of the area of interest),
whereas at 100 meters, only 26 images were needed to cover 25,072.90 m2 (84% coverage). This trade-off between
detail and coverage is essential in mission planning: lower altitudes are more suitable for high-resolution studies, such
as defect detection in infrastructure, while higher altitudes are better for broader environmental mapping.

Despite variations in the altitude and the number of images, the alignment rate remained at 100% in all instances,
demonstrating excellent flight stability, precise GPS tracking, and robust image quality—all crucial elements for
successful photogrammetric reconstruction. The Root Mean Square Error (RMSE) of the camera GPS position stayed
below 0.5 meters in all flights, with the lowest error recorded at 25 meters (RMSE = 0.19 m), indicating that this altitude
may provide an optimal balance between image resolution and GPS reliability under the tested conditions.

The resolution and density of orthomosaic images vary significantly with the altitude. At lower altitudes, the image
density is higher—for instance, the point cloud density reaches 116.91 points/m? at 20 meters, while it drops to only
13.38 points/m2 at 100 meters. Similarly, mesh triangle counts decrease drastically, from 168.7 thousand triangles at 20
meters to just 25.4 thousand at 100 meters. This reduction in geometric detail could impact the accuracy of thermal
mapping when identifying finer features (e.g., small cracks, pipe outlines, or narrow road markings).

The orthomosaic coverage, expressed as a percentage of the area of interest, increases with altitude due to the
widening field of view. It ranges from 47.71% at 20 m to 84.09% at 100 m, confirming that higher altitudes are more
efficient for broad coverage missions. However, the increase in GSD (up to 6.34 cm/pixel) at higher altitudes limits the
granularity of thermal details, which could be critical depending on the application, such as traffic heat emissions versus
micro-crack detection in pavements.

Camera calibration results—specifically, deviations in the principal point and focal length—also indicate slight
variations at each altitude, which the software successfully compensated for. These differences are natural due to lens
dynamics and UAV movement, and they do not seem to compromise image alignment or final output quality.

These findings are particularly relevant for smart city planning, traffic heat monitoring, and infrastructure
diagnostics, where balancing resolution, area coverage, and processing resources is key to effective UAV-based thermal
surveying.

The effective thermogrammetric analysis requires to take into account several factors, such as atmospheric
conditions; the presence of smoke, dust, and air pollution; the emissivity coefficient; the transparency and reflectivity
of captured elements; the time of day; the shooting angle; the type of paint, color, and surface finish of the objects in the
photo; and the distance (in this case, shooting height) from the target. In addition to thermal energy and shape, roughness
or smoothness will be considered extensively to provide an accurate picture of the thermal properties of an object or
landscape. The radiation coefficient values of the materials mainly focused on in this study are shown in Table 3 [68,
67].

Table 3. Emissivity of various substances

Materials Emissivity
Asphalt 0.97
Water 0.95
Iron 0.94
Polished aluminium 0.03
Cement 0.96
Basalt 0.72
Concrete 0.94
White paper 0.94
White paint 0.90
Black paint 0.98
Wood 0.85
Vegetation 0.94
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In blackbody theory, the radiative properties of matter are assumed to be ideal regarding radiation. This radiation is
described very well by Planck's law.

2 1
Ly= 2 ghv/kT_{ @

where L, is spectral radiance of a body; h is 6.62606876(52) x10-3* J s (7.8 x 10°8) (Planck constant); k is 1.3806503(24)
x 1023 J/K (1.7 x 10°°) (Boltzmann constant); T is absolute temperature; v is frequency; c is Speed of light in a vacuum.

In fact, all substances except idealized absolute black bodies above 0 K radiate differently. Therefore, the emissivity
of a given substance is also an important property. Emissivity €, defined as "the ratio of the emissivity of a body to the
emissivity of an absolute black body", is a key concept:

£(1,6,9) =220 @)

LaBB
This equation includes the directional component (8, ¢).

The emissivity may be seen as a measure indicating a substance’s ability to emit heat, with values ranging from 0 to
1. When it is neutral concerning wavelength and ¢ is less than 1, it is referred to as a gray body. Emissivity pertains to
the characteristics of a specific sample, where € () is defined at a particular wavelength [70-72]. Lots of material
properties may be ‘flat' in one part of the spectrum but vary significantly at different wavelengths in another region.
Since these properties are defined by functions, the values become insignificant in spectral regions where the function's
value is negligible. For example, the transmittance of standard window glass is approximately 0.92 in the visible range
but drops to zero in the infrared range, where the eye does not respond. Materials that have high reflectivity at short
wavelengths do not absorb much radiation. If the reflectivity is low at longer wavelengths, the absorption rate will
increase and consequently, thermal radiation will be greater [73, 74].

The processed thermal images are captured using software, and the capture conditions such as altitude, ambient
temperature, and humidity are recorded for all processed images. The following data parameters are documented for the
analysis: photo number, capture height, minimum temperature, maximum temperature, and weighted average
temperature of the image field. During the processing of the images, very high positive and very low negative extreme
values require extra check by an operator. After identifying the sources of these temperature anomalies (mainly
reflections of the sun's rays) on the vehicle windows, road signs, brackets for traffic control cameras, and so on, these
images are not used in the study.

At the output of the software processing, the maximum temperature, minimum temperature, and weighted average
temperature values of the captured images are generated. Figure 3 and Table 2 present the image data, while Table 4
summarizes the data from the images. A total of 456 images are processed across all heights (20 meters - 197 images;
25 meters - 154 images; 50 meters - 49 images; 75 meters- 30 images; 100 meters - 26 images). The table provides
average temperature values for the total number of images at different heights of the thermal images.

Table 4. Determined temperatures at the corresponding heights of the study

Maximum Values (°C) Minimum Values (°C) Average Values (°C)

Distance (m)
Max Min Average Max Min Average Max Min Average

20 88.0 20.0 45.04 325  -23.9 3.24 585 9.7 20.36
25 843 226 46.38 16.3 -239 221 49.7 124 20.96
50 60.4 349 47.91 99 -12.7 1.99 332 16.6 20.77
75 748 374 51.94 111 -127 0.13 29.1 144 20.28
100 76.0 459 53.37 6.0 -10.0 1.48 218 152 19.78

Figure 3 shows the minimum (orange line), maximum (blue line), and average (gray line) surface temperature values
recorded during UAV-based thermographic measurements at flight altitudes from 20 m to 100 m.
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Figure 3. The minimum (orange line), maximum (blue line), and average (green line) temperature values for various heights

in the study

e The maximum temperatures (blue line) exhibit a clear upward trend, rising from 45.04°C at 20 m to 53.37°C at
100 m. This indicates that higher altitudes enable the thermal camera to capture larger and potentially more exposed
areas, including hotter surfaces or reflective elements (e.g., vehicle roofs or asphalt directly illuminated by the

sun).

e The average temperatures (gray line) remain relatively stable, fluctuating slightly around 20°C. This indicates that,
despite altitude changes, the general thermal background of the intersection remains consistent.

e The minimum temperatures (orange line) show a non-linear trend, initially decreasing from 3.24°C at 20 m to a
minimum of 0.13°C at 75 m, before slightly increasing to 1.48°C at 100 m. This drop may be attributed to the
increased prominence of shaded or cooler elements (e.g., tree canopies, metal surfaces in shadow) within the field

of view at higher altitudes.

These data confirm that flight altitude affects thermal readings, particularly for maximum temperature values. The
results support the idea that the UAV thermography benefits from multi-altitude scanning, providing a more nuanced
thermal profile of urban intersections. This approach improves the accuracy of heat mapping and facilitates detailed

analysis in smart city and traffic management contexts.

Figure 4 illustrates the average surface temperatures derived from thermographic images captured at five different
UAV flight altitudes: 20 m, 25 m, 50 m, 75 m, and 100 m. The overall thermal profiles remain relatively consistent
across all altitudes, demonstrating the stability and reliability of temperature measurements during the UAV flights.
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Figure 4. Trend in measured temperatures — 20. 25, 50, 75 and 100 meters
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A distinct temperature peak is observed across all altitude profiles during the early part of the flight path. This
anomaly corresponds to the large roof structure of the G.M. Dimitrov metro station, located within the monitored street
intersection. The elevated thermal signature of the roof — likely a result of its material composition and prolonged sun
exposure—stands out clearly against the surrounding urban surfaces. The thermal scanning sequence notably begins
over this high-temperature zone, reflected in the prominent early spikes on the graph. As the UAV moves beyond this
area, a gradual decrease in average surface temperatures is recorded, indicating a transition from the thermally dominant
metro station to the cooler elements of the road and sidewalk.

This result underscores the sensitivity of UAV-based thermography in identifying localized heat sources within
complex urban environments and reinforces the method’s value in urban heat monitoring, infrastructure assessment, and
smart city applications.

When examining individual components of the studied area road junction, temperatures shown by both the road
infrastructure and the surrounding intersection (as illustrated at Figure 5) are evident. In the grassy areas and on most of
the asphalt surface, the average temperatures are around 20°C, while lower temperatures are observed in certain sections
of the street network.

Figure 5. Determined temperatures of the road intersection.

A detailed study of the road layout and thermal imaging conditions reveals several factors. The average temperature
in the vicinity of the junction is approximately 20°C, as the asphalt absorbs enough heat from the sunlight (the image is
taken around midday) and, generally, this aligns with the direction of travel of the developed area being examined. The
notable difference in the temperature of the asphalt results mainly from variations in its color shade and texture (Figure
6).

Figure 6. Average temperature of unoccupied areas of the road infrastructure

Note that in sections of the road structure where the asphalt is uniformly distributed without patches or clear
irregularities, the temperature of the coating remains relatively constant across the entire studied area and in both the
lengthwise and widthwise directions of the street lane, unaffected by the recording height (Figure 7).

Nearby the traffic lights, the temperatures may reach from 11°C to 14°C, which is significantly higher than the 10°C,
which is observed at low temperatures for the remaining asphalt road not sheltered by the vehicles. The lower
temperature readings are attributed to the cool night and daytime temperatures during the study, as the temperatures
recorded in the areas where vehicles are parked are nearly identical to the daytime temperature at the time the images
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are captured as the asphalt is not heated by sunlight. The photographs taken from heights of 20, 25, and 50 meters clearly
illustrate the temperature trace (shade) of vehicles on the road (Figure 8).

Figure 8. Temperature footprint (shadow) of waiting vehicles

Figure 8 also represents that the vehicle configurations have an influence to the temperature profile. The evaluation
of vehicle images at this major road intersection indicates that general vehicle conditions cannot be determined through
UAYV and aerial IRT imaging. The outside temperature emitted from the surfaces of stationary vehicles depends on
several factors, including the type and color of the paint coating, the varnish applied to the paint, and the method of paint
application such as single-layer or multi-layer. Figure 9 displays two stationary vehicles with a painted section of their
roofs, which clearly showing that their emissions differ based on the vehicle's basic color, regardless of the capture
height. On a dark vehicle, there is virtually no noticeable difference in emissions, whereas on a silver vehicle, the
difference in emissions is quite apparent.

Figure 9. Photographed stationary vehicles from different distances: a) 25 meters; b) 50 meters; ¢) 75 meters
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However, from the specified temperature, several conclusions may be drawn about emissions from individual
vehicles, especially when the images are captured from a low angle, as they are very detailed. These images allow for
the determination the both details - the general temperature distribution across the entire vehicle and the specific vehicle
elements, which are visible in the image. Figure 10 displays images taken from a viewing height of 20 meters, which
show that certain details of the vehicle bodies in the photographs have higher temperatures on the front cover. The
engine is situated beneath that part of the vehicle. In this case, the greatest heat release originates precisely from the
engine region.

Figure 10. Details of the higher temperature vehicles’ bodies

For example, Figure 11 displays three vehicles with local heat sources. P1 and P2 points clearly indicate a raised
windshield temperature of about 25°C, which is caused by the driver using the vehicle heater. Since the air stream is
mostly directed toward the windshield, a small distinction within the blowing zones on the windshield is observed, likely
due to the fact that the steam'’s air jet is optimally aimed at the driver and his line of sight. It also measures (P7 and P8
points) the vehicle headlight temperatures emitted by law for drivers to use their lights throughout the year in the
Republic of Bulgaria, with the result being an approximate surface temperature of 35 °C in the headlights of all vehicles
equipped with standard headlights rather than daytime running lights. The temperature of both headlights on each vehicle
is consistent. Minor differences in the temperature distribution of the headlights among individual vehicles may be
attributed to both the power and type of the light fixture, as well as the different materials used in the protective glass of
the headlights themselves.

Figure 11. Vehicles with warmer windshields and headlights
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4. Discussion

This study aims to determine the thermal load of a major urban street intersection within Sofia’s city limits and to
assess both the surface condition of the road infrastructure and the technical state of the vehicles crossing the intersection
by utilizing airborne thermal images captured with the help of an unmanned aerial vehicle and thermo-photogrammetry
analysis. It specifically addresses the basic steps taken to evaluate the thermal loading and surface coverage of both the
vehicles and the infrastructure, quantifying their impact on the environment, atmosphere, and surface emissivity of the
studied sites.

Most road surface and infrastructure conditions are usually assessed through visual examinations by road inspectors.
This approach is limited due to the lack of comprehensive research and development, which can be costly and labor-
intensive. Given the age and quality of road surfaces in the capital city and the country as a whole, it is increasingly
necessary to develop cost-effective, non-destructive methods for innovative testing. Such methods would help determine
the state of road infrastructure at specific intervals without interrupting traffic flow. The technologies that enable remote
monitoring and diagnostics of transport infrastructure quality and condition are crucial, as they facilitate timely
prevention measures. Asphalt is the most common type of road surface, and its service life correlates with the overall
quality and condition of the infrastructure due to its affordability, alongside the ease of repair and maintenance.
However, road infrastructure and asphalt surfaces are vulnerable to various factors that can lead to their deterioration,
loss of strength, and damage. This directly impacts traffic safety, results in increased repair and operational costs, and
causes significant inconveniences for drivers and passengers. Moreover, it affects the technical condition of vehicles,
necessitating repairs that can further disrupt and degrade the urban environment.

From the research and analysis, it cannot be definitively stated that the road traffic contributes to the thermal load of
the urban area. This is likely due to the decision to conduct the study during a cold month. However, as mentioned at
the outset of this publication, this will serve as an excellent stepping stone for future progress in this area. The warming
of the street and neighborhood infrastructure can only be facilitated by sunlight. Many more studies in a similar vein,
conducted at different times of the year and under varying climatic conditions, are necessary. These studies will help
build models that further support techniques for accurately defining the impact of road traffic on urban street
environment conditions, precisely identifying sources of temperature rise, and implementing specific measures to reduce
thermal loading. Further collaborative efforts must be undertaken to assess the environmental impact and air pollution
at the busiest street intersections in individual cities and their infrastructures. Gathering extensive databases is essential
for determining the actual state of the urban environment, road transport, and infrastructure, as well as for identifying
exact sources of pollution to take targeted actions to neutralize these sources.

Acrtificial intelligence systems may also participate in processing thermal images, which helps circumvent most data
processing problems. In this context, systems using deep learning and convolutional neural networks are recommended.
Deep learning refers to the type of artificial intelligence that enables a person to automatically understand their
environment by extracting information and learning facts using structures similar to convolutional neural networks
(CNNSs). Acquiring and analyzing data on a large scale generates insights into different class types, making them more
distinguishable. With its own discovered patterns, the deep network may classify newly added image data into
appropriate classes, allowing for the automated identification of objects. This process eliminates the need to provide an
image matrix for every object, enabling conclusions to be drawn about a class based on all available image information,
thereby improving identification efficiency. In recent years, large datasets and powerful computers have advanced deep
convolutional neural networks (CNNs) [75-78], allowing them to outperform various traditional computer vision
algorithms.

This approach effectively partitions regions of unknown object types based on different class training and testing.
However, it can also suffer from overtraining in cases with common characteristics in the dataset, which may be less of
an issue in factories handling a diverse sample of items across various categories. The learning capabilities exhibited by
network structures that integrate Al and machine vision techniques not only inspire researchers but also support them in
creating more intelligent automated systems in manufacturing.

5. Conclusion

The use of similar large-scale studies and research, employing thermal video recording from unmanned aerial
vehicles and thermal cameras, can enhance the reliability and efficiency of studying and controlling road infrastructure
in cities, the temperature load of the urban environment, and the technical condition of road vehicles in non-urban areas.
Implementing these innovative research and monitoring methods for the road transport infrastructure in large cities and
the urban environment will significantly improve quality of life and increase well-being for all citizens.

No conclusions or assumptions can be drawn about the general technical condition of the vehicles that passed through
the studied intersection based on the research conducted and the goal established. This limitation arises from the aerial
imagery used; adequate details regarding the vehicles' technical condition cannot be obtained from thermal images alone,
only general assumptions can be made. Extensive photographic work must be performed on the vehicles from both aerial
and ground levels to gather sufficient statistical facts for creating models that determine temperature deviations in
relation to the vehicles' technical condition. To accurately examine the technical condition of individual vehicles, such
research should ideally involve ground thermal imaging using multiple cameras installed on each vehicle. Combining
both ground and aerial studies would be preferable for this type of research.
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