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Abstract: Research into collecting and measuring reliable, accurate, and naturalistic microscopic
traffic data is a fundamental aspect in road network planning scientific literature. The vehicle
trajectory is one of the main variables in traffic flow theory that allows to extract information
regarding microscopic traffic flow characteristics. Several methods and techniques have been applied
regarding the acquisition of vehicle trajectory. The forthcoming applications of intelligent transport
systems on vehicles and infrastructure require sufficient and innovative tools to calibrate existing
models on more complex situations. Unmanned aerial vehicles (UAVs) are one of the most emerging
technologies being used recently in the transportation field to monitor and analyze the traffic flow.
The aim of this paper is to examine the use of UAVs as a tool for microscopic traffic data collection
and analysis. A comprehensive guiding framework for accurate and cost-effective naturalistic
traffic surveys and analysis using UAVs is proposed and presented in detail. Field experiments of
acquiring vehicle trajectories on two multilane roundabouts were carried out following the proposed
framework. Results of the experiment indicate the usefulness of the UAVs technology on various
traffic analysis studies. The results of this study provide a practical guide regarding vehicle trajectory
acquirement using UAVs.

Keywords: UAVs; naturalistic vehicle trajectories; microscopic traffic data; traffic data collection;
guiding framework

1. Introduction
1.1. Microscopic Traffic Data Acquirement

Research into collecting and measuring reliable microscopic traffic data is a funda-
mental aspect in road network planning scientific literature. Several applications can be
implemented by using the acquired dataset in terms of traffic safety, road capacity, and
level of service analysis [1–4]. However, as the traffic conditions get more complex, the
level of detail and the quality of the collected information is getting higher.

The forthcoming applications of intelligent transport systems on vehicles and infras-
tructure mean that existing road layouts need to be examined across a wider range of
scenarios [5]. As new technologies are applied to transport systems, accurate calibration
and validation approaches of microscopic traffic flow models are essential. Driver behavior
modelling, especially in complex scenarios and dynamic environments, such as round-
abouts, is challenging and depends mainly on the size and the variety of the obtained
data [6]. A dataset of accurate and high detailed microscopic traffic data can improve the
reliability of models and allow a sufficient traffic analysis.

The vehicle trajectory is one of the main variables in traffic flow theory that allows
to extract information regarding microscopic traffic flow characteristics [7–9]. The ability
to extract the position of the vehicles over time along the roadway can provide an under-
standing of the way vehicles move and a comprehensive dataset for implementation in
several applications regarding traffic flow and safety analysis [10,11].
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Several data collection techniques are used regarding the acquisition of vehicle trajec-
tory [12–17]. Each one is characterized by its potential capabilities and limitations. Thus,
the selection of the proper technique for the execution of the survey is strongly related to the
level of detail, accuracy and the purpose of the study. The most common methods, as have
been identified according to the literature, are summarized in the following: (a) application
of global positioning systems (GPS), (b) video processing techniques, (c) applications based
on smartphone device technology, and (d) on satellite navigation systems.

However, a main challenge for researchers and traffic engineers is the ability to extract
accurate and naturalistic traffic data. Data mining techniques by acquiring accurate traffic
data from naturalistic driving behavior is a remarkable and active field of research during
last years. Several applications can be found in the scientific literature addressing these
issues [18,19]. Nevertheless, it is noted that in most vehicle trajectory studies, collected
data lack naturalness, as experiments are conducted under the awareness of the drivers.
Thus, the necessary quality of the dataset is weak in terms of representing the actual
driving behavior.

In the last years, video image processing techniques are applied more frequently as
they represent a low-cost and non-infrastructure-based method for acquiring naturalistic
vehicle trajectories [5,20]. Several studies have been developed by extracting traffic data
from recorded videos.

In this context, unmanned aerial vehicles (UAVs) are one of the most emerging tech-
nologies being used recently in the transportation field to monitor and analyze the traffic
flow. UAV image acquisition technologies have been developed and allow to extract and
analyze the traffic information in a sufficient way.

1.2. UAV Technology for Traffic Surveys and Analysis

UAVs can be integrated in various applications of the transport engineering sector,
such as road safety inspections, traffic analysis and damage assessment for roads [21–25].
The benefits of deploying UAVs for traffic monitoring and analysis have been considered
in several studies in the past few years [5,20,26–28]. As the camera is in the air, the drivers’
attitude is not distracted by the equipment. According to this, extracted data represent
naturalistic driving behavior which is significant for the study of vehicle trajectories.
Moreover, UAVs require less experience and training to be controlled while they can
handle a wide field of view, covering large areas quickly. These assets result in a time-
saving, low-cost, and non-infrastructure-based technique for acquiring individual vehicle
trajectories, compared to other methods.

However, as UAVs are rapidly growing in popularity and their technology is im-
proving constantly, the implemented applications on transportation sector have not fully
developed yet. Considering this, several limitations can be identified [11,29,30]. There
are many factors that influence the performance of this process. Among them, weather
conditions (e.g., rain), technical issues (e.g., low battery duration), and regulatory issues
(e.g., no-fly zones) are the most critical to be mentioned. Thus, the ability to select and
implement UAVs as an efficient traffic survey tool depends on many aspects. Table 1
summarizes the main benefits and limitations of using UAVs for traffic surveys.

Table 1. The main benefits and limitations of using UAVs for traffic surveys.

Benefits Limitations

UAVs require little experience Climate characteristics
UAVs provide wide field of view Technical issues of UAVs

UAVs can cover large areas quickly Time constraints
Low cost and saving-time technique Regulatory issues
Non-infrastructure-based technique Safety issues

Monitoring and analysis of naturalistic
driving behavior

Automatic process techniques require
high expertise
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The aim of this paper is to examine the use of UAVs as a tool for microscopic traffic
data collection and analysis. A comprehensive guiding framework for accurate and cost-
effective naturalistic traffic surveys using UAVs is proposed and presented in detail. An
experiment involving the acquisition of vehicle trajectories on two multilane roundabouts
is described. Finally, the utility of UAVs regarding microscopic traffic data acquirement is
discussed based on the literature review and the analyzed guiding framework of the study.

2. The Framework

An extensive literature review of existing studies and frameworks regarding traffic
data acquirement using UAVs was carried out [11,15,26–28,31] to establish and applicate a
comprehensive guiding framework in this study. A bibliometric and visualization analysis
was conducted by identifying the articles with the most effort on traffic data acquirement
using UAVs, to evaluate patterns of the existing literature. This methodology is widely
accepted in the literature and in bibliometrics [32,33].

Specifically, a comprehensive database of gathered data from Scopus [34] was devel-
oped. Documents that contain the keywords “UAVs” and “traffic data collection” were
selected for the evaluation. The software VOS [35] was applied to examine and analyze
the distribution of co-occurrent keywords of the most common keywords outlined below
articles’ abstracts. The presence of 1104 keywords in 105 publications was confirmed. The
threshold of 4 occurrences was adopted. The consistency of the database ensured the
validation of the analysis to the context of this study. The final analyzed keywords and
their node size are illustrated in Figure 1.
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Figure 1. Network visualization of authors’ keyword occurrence. Figure 1. Network visualization of authors’ keyword occurrence.

According to the analysis, the higher the keyword and the node, the larger number
of articles contain the specific keyword. Moreover, thick lines indicate co-occurrence of
the keyword in the literature. Five clusters were developed according to the analysis
and each one represents a set of related items. The leading keyword of each cluster
and its characteristics in terms of total numbers of occurrences and total link strength of
co-occurrences are presented in Table 2.
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Table 2. The top keywords co-occurrence and total link strength.

Keyword Cluster Occurrences Total Link Strength

unmanned aerial vehicles blue (1) 74 221
data acquisition green (2) 28 106

UAV purple (3) 12 47
traffic data collection red (4) 11 47

trajectories yellow (5) 8 36

According to the identified keywords, it can be concluded that various methodologies
regarding the extraction of the traffic information exist. The vehicles’ detection and clas-
sification to extract trajectories for operational and safety analysis, is the main issue the
existing literature is dealing with.

Findings and methods of the existing literature were considered to establish a compre-
hensive framework regarding UAV survey execution and microscopic traffic data acquire-
ment, following the discrete steps of Figure 2.
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Figure 2. The discrete steps to acquire traffic data using UAVs.

The proposed methodology of this paper is structured in such a way to be simply and
effectively adopted by researchers and engineers. Detailed naturalistic vehicle trajectories
data through UAVs can be extracted following a low-cost method, requiring less demand
for high skills or expertise in image processing techniques.

2.1. UAV Traffic Survey
2.1.1. Preparation of the Survey

UAV flight planning for the collection of the required data depends on several aspects
that are critical for ensuring a successful UAV flight operation. According to [26], safety
issues (such as prohibited fly zones or need for the existence of sufficient space regarding
safety distance from sensitive installments) and climate characteristics (such as the weather
conditions) can directly affect the survey execution. Thus, an in-depth flight planning
before the execution of the UAV survey is essential.

After the identification of the study area, an appropriate number of ground control
points (GCPs) need to be distributed homogenously within the area of interest (Figure 3).
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The aim of this task intends to transform the acquired frames on real-world coordinates
through the process of georeferencing. GCPs of well-known coordinates significantly
increase the absolute accuracy of the analysis as presented in the following steps. In the
case of manual or semi-automatic georeferencing process as in the experiment of this study,
GCPs are required to be visible in all acquired frames. Their use intends to correct errors
due to UAV tilt (wind forces affect) and camera lens distortion issues. It is noted that the use
of natural GCPs (such as corners of manholes and tactile pavements, intersections of white
pavement markings, etc.) provides the flexibility to conduct surveys over different time
periods, skipping time-consuming field measurements of GCPs coordinates per survey.
The restraint of UAVs low battery and the requirement for visible GCPs per each survey
means that permanent natural ground control points are an efficient choice. A proper tool
can provide the coordinates of the selected ground control points in high accuracy. Figure 4
presents an example of natural GCPs, the coordinates of which are measured using a RTK
GNSS receiver.
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2.1.2. Survey Execution

During the UAV survey execution, the safety and legal issues should be addressed.
UAV flight can be handled manually via a controller or automatically according to a
predefined route. It is mentioned that both the surveyor and the equipment should not be
noticed by road users. Any distraction of drivers’ attitude affects the naturalness of the
collected data.

There are three main aspects that affect the level of detail of the study and the surveyor
should consider during a UAV flight: (a) the video resolution, (b) the altitude of the UAV
and (c) the viewing angle. More specifically, it is recommended video recordings be saved
at the highest possible quality. High-resolution videos and low flight altitudes optimize
the required time regarding the video processing and increase the accuracy and the quality
of the study. Videos recorded from an angle require a process of pixel transformation to
achieve an orthographic view. This is usually carried out using perspective filters. Thus,
recordings of a nadir point of view minimize camera errors and are preferable.

Through these main aspects, the ground sample distance (GSD) can be reduced,
enhancing the final accuracy of the analysis. With lower GSD, the identification of the
appropriate point regarding vehicle tracking analysis, will be much easier. It is noted that
the measured pixel size determines the minimum threshold of the final accuracy.

Finally, the location of the UAV should be stable to minimize the bias in the stabilizing
process. A gimbal system attached to the camera can stabilize the recorded shots in an
efficient way.

2.2. UAV Video Processing
2.2.1. Preliminary Process

A preliminary process is required to simplify the video processing. This step includes
the following operations: Firstly, no significant frames form videos (take-off and landing)
are removed. A stabilization process is required to minimize rough bias. Proper filters
contribute to smoother videos and the elimination of camera shakiness. In the following
step, specific events according to the scope of the analysis are identified (for example, in a
speed analysis the time periods of vehicles on free-flow speed conditions are identified).
The video frames of the selected time periods are extracted per second. Finally, the lens
distortion of the acquired images needs to be corrected. There are several techniques that
can be adopted. A common practice is to transform images by adopting the distortion
profile of the implemented camera.

2.2.2. Geo-Registration

The transformation of UAV-acquired image pixels into real-world coordinates allows
the extraction of vehicle trajectory data into real-world coordinates. The use of a cartesian
coordinate system calibrated to a specific scale is a common practice regarding the geo-
registration process. However, the use of GCPs in the experiments, except for the high
accuracy of the analysis and the correction of image distortion, provides a comprehensive
dataset that can be managed by several applications, depending on the purpose of the study.

A reference image of the study area is georeferenced according to the known coordi-
nates of the GCPs. The extracted frames of the identified events are then co-registered to
the reference image. This process can be carried out either in a manual way, which provides
accurate but time-consuming results, or in an automatic way by using pixel matching
algorithms, which promises quicker and less accurate results.

2.2.3. Vehicle Trajectory Acquisition

To acquire microscopic traffic data, the extraction of accurate vehicle trajectories is
essential. Several studies carried out recently are dealing with this issue [11,20,26,36–39].
The adopted methodologies can be divided into three main categories: (a) the manual
process, (b) the semi-automatic process, and (c) the automatic process technique. The
first two methods are more accurate and offer many flexibility advantages, however, they
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are time-consuming. On the other hand, the third method promises quicker results by
using detection techniques and tracking algorithms with minimum manpower involved.
Nevertheless, this requires high expertise and knowledge of computer vision techniques,
while its accuracy on high spatial data such as vehicle trajectories sometimes requires
manual effort for the correction of missed trajectories.

2.2.4. Management of Vehicle Trajectories

Utilizing the vehicle trajectory data, several applications can be carried out and
information of great importance can be provided. Thus, it is required that the vehicle
location data be organized in detail on a comprehensive dataset along with supplementary
information (such as the type of the vehicle). Researchers and engineers can interpret the
measured data to understand the way the vehicles move.

3. Case Study Experiment

The described methodology was applied on a multilane roundabout layout where
the complexity of driving behavior is challenging as the road geometry provides high
uncertainty in driving maneuvers. The method was tested for two different lighting
conditions: daylight and night. An analysis on vehicle trajectories was carried out to
extract microscopic traffic data such as vehicles speeds, travel time measurements, and the
spatial distribution of vehicle maneuvers. The selected multilane roundabouts (Figure 5)
are in the cities of (a) Larissa and (b) Thessaloniki (Greece).
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3.1. Survey Material and Equipment

Two types of equipment were used to perform the experiment described in this paper
to acquire reliable naturalistic vehicle trajectories data of the roundabouts: (a) a quadcopter
UAV (Figure 6) and (b) a RTK GNSS receiver. The selected UAV (DJI Phantom 4 Advanced)
can capture videos up to C4K analysis with a frame rate of 60 fps and high-resolution
images (5472 × 3078). It is a low-cost UAV and requires less experience to be controlled. Its
camera is attached to a gimbal, which stabilize shots. Moreover, its weight (1368 g) and
size contribute to better maneuverability, while low altitudes flights achieve high spatial
resolution. The RTK GNSS receiver that was used provides reliable and high-accuracy data
collection. The position of selected GCPs can be determined in centimeter-level accuracy in
real world conditions. Specifically, the accuracy of this equipment examined for a survey is
8 mm + 1 ppm (horizontal) and 15 mm + 1 ppm (vertical).
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3.2. UAV Survey

Roundabouts’ performance was recorded with the use of the Unmanned Aerial Vehicle
(UAV) during summer and autumn of 2019. Data regarding the kinematic characteristics of
the vehicles were collected in this experiment.

Field measurements were selected to be conducted during of-peak periods to ensure
free flow speed conditions. Real vehicle speeds in unobstructed traffic conditions were
collected. Weather conditions were stable and did not affect the vehicle movements. Low
flight altitudes of a nadir point of view and high-resolution recordings allowed to measure
accurate and naturalistic spatiotemporal phenomena of high detail.

3.3. Data Processing

Vehicle trajectories were extracted from the UAV videos following specific steps. These
steps aimed to: (a) reduce any bias and increase the accuracy and (b) digitize and study
vehicle motion paths.

Firstly, no significant frames from videos (take-off and landing) were removed. A sta-
bilization procedure was followed [40]. Proper filters made videos smoother while camera
shakiness was eliminated. Specific events were identified (vehicle through movements
on free flow speed conditions) and video frames were extracted for each examined video.
Lens distortion of each frame was corrected [41]. The acquired images were georeferenced
in high accuracy using an open-source GIS software [42]. The selected geographic reference
was the “GGRS87/Greek Grid”. The ground sample distance was measured to the value
of 35.6 mm and the maximum value of the RMSE between the real location and the final
georeferenced location per each frame was 0.6.

Finally, a digitization process was carried out to acquire vehicle trajectories. Specifi-
cally, the center of the front bumper of each vehicle was identified and the coordinates were
extracted. Mathematical interpolation based on the known coordinates was used in CAD
software using spline curves so the discrete data could be transformed into continuous
functions to further study vehicle maneuvers and microscopic traffic data.

3.4. Experiment Results

Several applications regarding microscopic traffic data analysis can be carried out
regarding the extracted dataset. Understanding the way road users move in roundabouts
is of great importance, since many conflicts occur in this type of intersections [43,44].

Figure 7 presents a heatmap of the spatial distribution of vehicle maneuvers according
to the extracted vehicle trajectories of the examined case study roundabout. Various driving
behavior patterns for through movements on the multilane roundabout are indicated.
Improper and unexpected paths are created and that can probably cause unexpected
behavior, and therefore potential danger.
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To calculate vehicle speeds at the entrance of the roundabout, firstly the proper events
were identified. Then, the captured distances per 0.2 s were calculated and divided by
the corresponding time. Considering the measured value of the ground sample distance
(35.6 mm) and the RMS error of 0.6, it is concluded that the maximum error in speed
estimation is less than 1 km/h. An indicative calculated speed profile of a vehicle traversing
the roundabout is presented in Figure 8.
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Figure 8. A typical vehicle speed profile has been extracted by processing UAV shots.

The vehicle speed profile indicates significant changes in speeds because of the com-
plexity of the road geometry. The driver reduces the vehicle speed along the entry and the
center of the roundabout and then accelerates to the exit lane.

With the second case study roundabout, an analysis regarding the travel time of
31 vehicles passing through the roundabout was conducted. An algorithm was developed
and applied to the extracted trajectories. Two detection lines were coded at the entrance
and the exit of the roundabout to identify the timestamps of each vehicle passing these
sections (Figure 9). Results provide information regarding the travel time of vehicles
through-movements. The average travel time of through movements under free-flow
speed conditions is 5.14 s.
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4. Conclusions

Research into collecting and measuring reliable, accurate, and naturalistic microscopic
traffic data is a fundamental aspect in road network planning scientific literature. According
to the literature review and the bibliometric and visualization analysis, it can be concluded
that UAVs are recently being used in the transportation field to monitor and analyze the
traffic flow. The vehicles’ detection and classification to extract trajectories for operational
and safety analysis is the main issue the existing literature is dealing with.

The proposed methodology of this paper is structured in such a way to be simply
and effectively adopted by researchers and engineers. Detailed and naturalistic vehicle
trajectories data can be extracted through UAVs in a low-cost way, requiring less demand
for high skills or expertise in image processing techniques.

Two experiments were carried out on different light conditions following the presented
framework. Results indicate that the accuracy of the extracted microscopic traffic data is
high enough as the maximum error in speed estimation is less than 1 km/h. The measured
data can be interpreted and applied to several studies. In these experiments, vehicle
trajectories were analyzed to extract vehicles speeds, travel time measurements, and the
spatial distribution of vehicle maneuvers. The extracted dataset can be utilized and be
applied on various traffic studies (gap-acceptance analysis, road safety analysis, study on
lane-change behavior, calibration of car-following models, etc.).

The limitations of the study are related mainly to the technical issues of the UAV
technology and the climate characteristics of the examined area. More specifically, the
restraint of the low battery duration of UAVs and the weather conditions of the study area
(rain) resulted in short video recordings and time-consuming field experiments.

5. Discussion and Final Remarks

Accurate and high detailed naturalistic microscopic traffic data are essential for re-
liable traffic analysis and efficient calibration process of traffic models. The forthcoming
applications of intelligent transport systems on vehicles and infrastructure require sufficient
tools to calibrate existing models on more complex situations.

UAVs are one of the most emerging technologies being used recently in transportation
field to monitor and analyze the traffic flow. The increased commercial market share of this
technology during the last years and the developed traffic applications entail a promising
contribution to the transportation sector.

Several applications and methodologies regarding the acquirement of microscopic
traffic data have been tested until now. This paper aims to add value to the existing
literature. A comprehensive framework for extracting naturalistic vehicle trajectories
recorded by UAVs is proposed. The presented methodology describes a highly accurate
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and low-cost method to conduct UAV traffic surveys and extract the required information,
considering the methods and the limitations reported in previous studies. Researchers
and engineers can efficiently apply the structured process as it is simplified and does not
require great skills or expertise in automated image processing techniques.

Overall, the benefits of using UAVs on microscopic traffic data collection surveys,
as explained in the literature review and highlighted in the presented experiment are
great of importance. However, there are still many limitations and issues that need to
overcome during the next years to optimize the general process of UAV traffic surveys.
Thus, the ability to select and implement UAVs as an efficient traffic survey tool depends
on many factors.

Further research is required regarding the acceptability of UAVs on traffic data collec-
tion surveys. Specifically, a comprehensive guiding framework under what circumstances
this technology should be preferred or discouraged compared to other traditional meth-
ods will enhance the overall process of the examined traffic analysis. Finally, due to the
forthcoming applications of intelligent transport systems on vehicles and infrastructure, ex-
periments on the capabilities of UAVs regarding real-time traffic data collection techniques
and methods of sharing the traffic information to road users are expected to enhance UAVs
technology in the transportation engineering sector.
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